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Foreword to Third Edition 


Between the second and the third edition a 

war has come and passed. From that war the 

plastics industry has emerged greater in stature 

and more confident of successfully meeting its 

responsibilities. New materials and new proc- 

ef5ses underscore the magnitude of the last five 
years. 

Employing the premise of the first and second 
edition—of analyzing plastics from the view¬ 
point of the designer and the engineer—the 
author has extensively regrouped the text ma¬ 
terial and at the same time introduced a wealth 
of up-to-date data on the newer plastics. The 
chapters follow a pattern now of Materials, 
Properties, Methods, and Applications. The last 
several years have witnessed the publication of 
complete engineering information on the prop¬ 
erties of plastics, and in consequence, this sec¬ 
tion. more than any other, has been expanded. 

Those data most significant to the practicing 
engineer and the engineering student have been 

emphasized. 


Glendale. Calif. 
May, 19J,8. 


J. Delmonte 
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Foreword to First Edition 


Rapidity of growth of the plastics industry may be measured 
by the discovery and development of new synthetic organic ma¬ 
terials, improvements and increased facilities in the art of forming 
and fabricating these materials, and by the progress and extent 
of their application to engineering problems. It is the latter as¬ 
pect which this work emphasizes, by discussing numerous app 
ZtZ of plastics to machine design problems and by presenting 
data conveniently tabulated and classified for reference by e 
designer. In addition to the survey of engineering features of 
plastic materials several chapters have been devoted to the chem¬ 
istry of materials and the art of molding them. It has been the 
writer’s repeated experience that research and development en- 
Teer! engaged in the design and application of plastics desire 
to have some knowledge of how these materials are formed and 
what raw materials are employed in their preparation. In con¬ 
ducting a course on plastics at Armour Institute graduate school 
during the past few years, the writer has also been able to eva u- 
ate the type of information graduate engineers are seeking. 

Review of the raw materials employed in plastics, chemica 
reactions involved in their formulation, and methods of compound¬ 
ing them serve as an introduction to the chemistry of t e ma 
terials. This information is organized as convemently as pos¬ 
sible for ready reference of engineers. The chemical backgroun 
is essential to the correct scientific analysis of problems arising 
in the molding of materials and their behavior in service. 

Successful appUcations of plastics are achieved when the de¬ 
signer understands the potentialities of the materials with which 
he deals, as well as their limitations. Advantages and disadvan¬ 
tages of plastics are discussed at length in terms of various en¬ 
gineering problems. Numerous tests that the author has conducted 
are cited to bear out some of these distinctions. In fact, one 

whole chapter is devoted to the limitations of the more conmon 
_ on /1 fViA rp».sons for these shortcoinings. Data 







on important engineering properties are conveniently tabulated 

and compared in another chapter. Analyses of some of these 

properties also are made in terms of the fundamental nature of 

the materials and correlated phenomena such as condensation and 
polymerization. 

Inasmuch as the large majority of plastics utilized in ma¬ 
chine design problems is applied as molded articles, a comprehen¬ 
sive analysis is given of molding problems and mold designs Lam¬ 
inating. casting, and extruding of organic plastics are discussed 
in like manner. 


vvniie engineering designers do not ordinarily consider sur¬ 
face coatings and synthetic rubbers in terms of plastic materials 
ere are many close relationships. A chapter devoted to each 

^f these subjects bears out those relationships and discusses the 
engineering properties. 

whnif contained in some of the chapters has appeared 

y or m part in articles prepared by the author which have 

S"wishes'^o‘'"T ‘"o The 
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Plastics i 


n 


Engineering 


Chapter I 

Introduction to Organic Plastics 


organic plastics has brought to engineers the 
hrnari over, new enpneering materials which are enriching and 
sien e possibilities in both electrical and mechanical de-- 

a^* ^eir potential utility is unquestioned, and already innumer- 

t^eir adaptability 

Of design problems. Though available in forms 

or^f”^ rubber-like resins to stiff structural members 

g 1 C p astics are not offered as a panacea for all problems Th^ 
reqmrements of each application must be studied carefullv a ^ 
only when the circumstances prevailing are propitious fn fh’ ^ 
posed materials should approval for their use be given MisX^ 

IS to^r °”ly to the equipment involved Lt 

cation is based on the soiid background of fl u “ **’*’“■ 

knowledge that plastics will appear to theil beiridv 
fulfillment of this background™ not diSt n ^he 

Materials from which organic JasoraS derivedtt S'""' 

y^rs, though it was not until the early part of 

tte plastics industry became well estlbfished oL“ nT»S"‘ 

classified as synthetic resins, cellulose deriTOUvrf 

and protein matter. One of the most nr^M 

is the group of synthetic resins Ro. u ^ ^hurces of plastics 

yntnetic resms. Research on the phenomena of 


T 


2 


PLASTICS IN ENGINEERING 


synthetic resin formaUon and the polymerization of resins 
cupied the attention of numerous research chemists durmg tie 
latter part of the 19th century, as it does today. However, lac 
of precise scientific control retarded the commercialization of these 
materials until Dr. Baekeland published the results of his investi¬ 
gations on phenolic resins in 1909. and paved the way for the nse 

of the plastics industry. 

The success of a plastic material depends not only upon the 
properties which it displays, but also upon the availability and 
cost of raw materials used in its manufacture. In the tireless 
search for synthetic materials, the chemist turns to inexpensive 
raw materials such as farm by-products, coal, ammoma ceUu- 
losic products, petroleum products, and many othera. In a ion, 
chemical treatment and processing of the materials in^ no e 
too costly, if the finished products are to be commercially 
Chemical literature, replete with new evidence and date on the de¬ 
velopment of synthetic materials, indicates that newly developed 
materials number in the thousands. Of these, perhaps ^ ^^ ^o^®^ 
have attained industrial importance. Notwithstanding, the eo 
etical background afforded by researches upon sjmthetic resin for¬ 
mation and the development of cellulosic derivatives have con 
uted immeasurably to the success and understanding of the pres¬ 
ent materials. . . 

Activities in new material developments from within the plas¬ 
tics industry and the promulgation of new applications by the con¬ 
sumers of these materials have combined in recent years to ^ve 
new impetus to the growth of the industry. This accelerating activi- 
tv commenced during the Second World War, and wdth the cessa¬ 
tion of hostilities brought forth numerous industrial uses for p as- 
tics which had not been conceived in pre-war periods. Particularly 
impressive are the contributions plastics are making to other in¬ 
dustries such as those engaged in the production of textiles, rub¬ 
ber. plj^ood and lumber, ceramics, and metals. In evaluating t e 
engineering aspects of plastics it will be necessary to refer to the 
numerous combinations of plastics with other materials. 

On the pages immediately following are outlined some of the 
historical backgrounds of the more important pl^tic materials. 
In narticular, those features and developments which possess en- 

significanee are discuased. A few statiatics also have 

Kraav, eoWtAfi to emnhasize the growth of the industry. 




INTRODUCTION TO ORGANIC PLASTICS 

Cellulose Derivatives 


plastic material to attain industrial signifl- 

or -Cell a cellulose derivative, nitrocellulose 

Weslev Hvift' development is due John 

B^rsufufe tf' kmu” Tk ‘*'‘= ''''■'loP^ent of an ivory 

nitrie a '' Prepared nitrocellulose by reacting 

trie acid upon cotton linters, and then compounded this product 

mto a useful plastic with the aid of camphor. Professor Schrbl 
fore nitrocellulose in Germany quite a few years be- 

in EnaLnd Th Z nitrocellulose plastic sheets 

However, industrial manufacture of nitrocellulose plastic materials 

the ATbaTy^^nml w‘' c ' 

;n Newarh M. J. m m":' 

fo^he im: 

tuteslor riU':rrtre‘^h!;i, TndlthcTrf pT^ 

eC^'orfhe t/uf'^f 

meats in manufacturing” etholTnd°L “thrqu'aUtrof ^7^^' 

dTc‘oret'ap;hcat:r7 “%”' 7 “ ‘■'''-tri:! and 

Srst safety gL in 9()6^Tu7p teTsm^rb^^w” 

«™ear mtrocel,ulose^beet'77™^^^^^^ 

The inflammable nature of nitrocellulose and the r 

mancncy in the finished products led to th^ ^ ° ^ ^ ^ 

cellulose derivatives both in this country and of other 

worthy is cellulose acetate which ^ ^ abroad. Most note- 

early 1900’s Many of th •’ f onderw'cnt deyelopment in the 

j -iwvu S. Man> of the initial applicationq of thio ^ • , 

m thin film form or as sheets, rods and tube, replacTnv tb 

“S'r:" “ -""-S S.TS: 

m 1903), later investigated injecUon molding i„ 1919 7, l !f 

Idea was suggested in an earlier patent of Hyatt The fi ! 
mg powders of cellulose acetate began to met .v 

In 1929 and 1930, and with the development of • 

•nachines this production gained in nfomentum, Cm 
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1938 cellulose acetate practically replaced all nitrocellulose in the 
manufacture of automobile safety glass, though in turn it was re- 

placed by a vinyl resin. 

Other cellulose derivatives made their first appearance as sur¬ 
face coatings in 1932, Among these was cellulose acetate butyrate 
which in 1938 was developed as a molding compound to fulfill some 
of the many demands of injection molding. Ethylcellulose a so 
underwent commercial development and application during is 
period, first as a coating and later as a molding and extruding 
compound. Among the more recent members of the cellulosic fam¬ 
ily are cellulose propionate and cellulose acetate propionate, both 
introduced commercially as molding materials. Emphasis was 

placed upon toughness and dimensional stability. 

Growth of cellulose plastics in the United States may be 

traced in the following statistics. 


Cellulose Plastics—^Total 


1938. 

1939 

1940. 

1941. 

1942. 


23,712,723 

34,169,007 

35,765,340 

53,433,787 

63,374,651 


Production 

1943.. .. 

1944.. .. 
1945. . . . 

1946.. .. 

1947- 


(Pounds) 

. 68,428,529 

. 80.976,495 

’’. 91.770,992 

. 121,231,200 

. 90 , 000.000 (est.) 

% 


These statistics do not include another cellulose derivative, re¬ 
generated cellulose (rayon), which from a world 
250,000 pounds in 1930 has grown to an estimated 2,025,000,000 
pounds in 1942. United States production of rayon approached 

800,000,000 pounds in 1945, 


Casein Plastics 

Casein plastic materials have an early origin as do many 
other plastics. At first, unknown to each other, a German printer 
and a German professor were applying themselves to the prob¬ 
lem of hardening casein and making it waterproof. The pnnte^ 
W. Krische, conceived the idea of coating white cardboard wi 
a casein solution and treating it with formaldehyde, while A. Spit- 
teler endeavored to produce a waterproof casein for a writing 
tablet. The two collaborated to produce a tough, insoluble horn¬ 
like mass from casein (German Patent 127,942 and U. S. Patent 
646,844). The first successful casein developments in this country 
were by Aladdinite Co. in 1919, though the Galalith Co. of Ham- 
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burg commercialized the process at an earlier date 

cellulose plastics, though they have established their own mar 
kets as cidorful decorative materials, low in cost, and caZrof 

riiat:rr to- zr t “ 

mTwhe? “^o>-»tedry has' i^'Z^e'^Wy 

Ztffct 'd““«c.al production of casein fibers for textile 

manufacture was undertak-pn noi. i texuie 

of molded casein plasti^rhlve applicaUons 

the difilculty of r rer^aTr r Lsri^ir f 

water absorption. susceptibility to 

other chemically related materials, the sovahean • 

zem (com nrofpin^ rr,o,r u x , soyaoean protein and 

vcuiu protein) may be noted. Laree anantifipo 

let sime 1942 ^'0 1, g''aatest out- 

1942 as a waterproof coating tor wrapping papers. 

Shellac Plastics 

While engineering applications of shellac nlastirc ha.r ^ 

they warrLHome IXSrr'" 

thetic resins there werranruor""'! ^ 

extensive use 1 a ml “Wed 

in 1868 of Merrick (U. S.''pa3'’8r018“) a“d r 

ent 73,088, discuss the molLTof Lhelc 

nttain appreciable proportions until the development 1 a" 

tmr-fof2h rr 

ante to e.ectricafa;:::rha7a"lm\11^^^^^^^^ -- 

tncal applications. ^ aesirable in many elec- 


Bitumen-Base Plastics 


“ important Irt l''tot'’rilZTormldi 7^t 

-as. introduced to this country by E. “um'en 
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plastics have been called cold-molded plastics because they are 
shaped at relatively low temperatures. The materials are either 
pre-warmed and formed in a cold mold, or else they may be formed 
at room temperature and then baked to achieve their strength. 

Without benefit of much fanfare or publicity the bitumen or 
asphaltic-base plastic has fulfilled many applications in the elec¬ 
trical and automotive field, as for example in the manufacture 


of switch parts and storage battery cases. Many of its earlier 
applications have now been replaced by molded synthetic resins. 


Phenolic Plastics 

The plastics industry in the United States dates back to Dr. 
Baekeland’s discoveries of the condensations of phenols with for¬ 
maldehyde to form a resin. Though the phenomenon was ob¬ 
served by several investigators starting with Baeyer in 1871, no 
industrial significance was attached to the resinous mass that 
was formed. It remained for Dr. Baekeland to discover the fun¬ 
damental reactions, establish a correct scientific control and, at 
the same time, demonstrate the efficacy of heat and pressure in 
molding the materials. For a few years prior to 1909 Dr. Baeke¬ 
land worked on these materials in his Yonkers laboratory, finally an¬ 
nouncing his findings in 1909 and filing patent claims. Included 
in his early patents were molding compositions of wood-flour and 
asbestos-filled phenolics, and laminated “Bakelite-Micarta”. Prior 
to the publication of his results and demonstrations of what could 
be done with these synthetic resins, no industry in this country 
or abroad had manufactured infusible, insoluble, solid plastics of 
engineering utility. Other early pioneers in this work were Raschig 
of Germany and Redman and Aylesworth in the United States. 

Industry was quick to recognize the potentiality of the new 
synthetic material which possessed high strength, moldability, and 
durability. It soon found many applications as insulation in the 
electrical industry. The automotive industry was among the early 
sponsors of this material, and a corporation was formed in 1917 
to devote its facilities solely to the production of phenolic plastic 
automotive goods. Among early items was a steering wheel, which 
consisted of a wooden core about which was molded a ^i^-inch 
thickness of molded phenolic plastic. Addition of heating wires to 
this assembly overcame some the discomforts of cold-weather 
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Mving other early molded parts on automobiles included igni¬ 
tion parts, radiator caps, knobs and handles 

stront‘ phenolic plasties as 

house e“ “”co“ tst h 

took the development ;fMieS^’' ™aT’ 

annliVri +r. o u ^ -^Licarta . This laminated material was 
« - scciib ana pinions. Various tvnes nf 

“ ’re^rnr"'- f tL adl 

tages Of resilient, quiet gears of laminated phenolics became an 

caZ Z trrih^" Z 'o'llowedZtTtZ: 

reached in 1021 i. ?.! A" important decision was 

fu S 1 Zao Conrad patents 

laminated phenolics in •’ i ‘''® application ot 

tention. ^ ® Propellers evoked considerable at- 


his many bZ”Zente'onZ'ZrratiorZd “l 

su^r z 

Redmanol Co for e ? /customers of their closest competitor, 
Baekeland patents. The SiaZ'Z “s“n tZ"^ t 

coizi “luLtkrrr r 

form the Bakelite Corn. New Y ir ®*’Sanizations merged to 

first director Pros-req^ ’ naming Dr. Baekeland as its 

ukicLtor. r^rogress now ensued at a mniri 

By 1926 and 1927 the oria-inai 

gun to exnire an/i ^ aekeland patents had be- 

phenolic plastics Tho i f • .<? ^ prepare and market 

to grow by leaps and bounds to its present Xh f 
Z cZn? •"rt *“ <linectionr“The !ur' 

soluble pZoZ esrsZtereiradZ ^ 
commercial developmeni o"oho resirZsT“Z 

1 m 1935, developments m resin-bonded grinding wheels^ 
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brake bands were widely accepted; and extensive applications 
were developed for laminating compounds and laminated parts. 
The appearance of formed laminated phenolic parts in 1943 fo¬ 
cused attention upon the possibilities of using plastics to replace 

sheet metal in the design of machines. 

The appearance of cast phenolic plastics in 1932 opened new 

fields of application in which color and decorative effects were em¬ 
phasized, Ranging from water-white transparency to various de¬ 
grees of translucency, the cast phenolics attracted much atten¬ 
tion, These materials also lent themselves to easy machining and 
finishing operations. During the Second World War, cast phe¬ 
nolics weighing up to a ton proved successful in the manufacture 
of large fonuing blocks. These forming blocks, or dies, could be 
manufactured in a few days and assisted in the fabrication of 

aircraft components. 

The recent molding activity in phenolics indicates a 50 per 
cent increase over the volume of phenolics molding in 1941, which 
in turn is about four times as large as the activity in 1930, 
Complete statistics on synthetic resin production up to 1938 ap¬ 
pear in a report prepared by the U. S, Tariff Commission (Report 
^31, 1938), Tradenames for phenolic plastics in all of these fields 
are quite extensive, probably numbering well over 100, Some of 
the better known types, however, are: Molding Compounds 
“Durez”, “Bakelite”, “Durite”, “Makalot”, “Textolite”, “Resinox’, 
etc,; Laminated Plastics—“Formica”, “Spauldite”, “Synthane”, 
“Micarta”, “Panelyte”, “Dilecto”, “Lamicoid”, etc,; Casting resins 

“Catalin”, “Marblette”, “Durez”, etc. 


Urea Formaldehyde 

For a number of years, up to 1930, requirements of organic 
plastics consumers were satisfied by the infusible phenolic plastics, 
the cellulose plastics, and casein plastics. Phenol plastics were un¬ 
rivalled in the fact that they were the only commercially feasible, 
moldable, infusible solid plastic. A. need was felt, however, for 
a moldable, infusible plastic with a wide variety of color selec¬ 
tion. The urea plastics gave evidence of fulfilling this need. H. D. 
Bennett, president of Toledo Scales Co., Toledo, O., in recog¬ 
nizing the sales possibilities of an improved, moldable, multicolored 
translucent plastic as housing for his weighing machines, person- 
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toititTeTfIndT'‘•“^arch at the Mellon 
the Dolihmtif Research, Pittsburgh. After exhausting 

possibihties of other materials, a concerted effort was made to 

develop a practical urea-formaldehyde plastic. 

diseov^v“ As *“™^'<>ehyde was not a new 

nhn ^ German had discovered an amor- 

of url'i^rforTa'lf rf ™ the reaction 

tie -scr, ”0* 

was unknoxurn TT d-'i ‘‘"^^ges ot Synthetic organic materials 

hvl ,a “ ®“‘ developments in urea formalde¬ 

hyde molding compositions had not made much progress Eariv 

patents by Dr. John (TJ 9 -1 qqa \ j P & • iiiarly 

1 j ^ <ind Dr. Pollack (U S -1 4-^R 

thi ht . , Significant deCipmS' 

mation of those engaged in urea-formaldehyde research r„T 

L°lrstnri Ptoeess of the I. G. Par- 

gen. ■ synthesized urea from nitro- 

An American firm in 1929 bought the foreign rights to a nroc- 

or manufacturing urea plastics, and in 1930 200 oon 

of moldable thio-urea plastics were wodueed Th fn ’ ’’ 

tic differed sliirhtlo . Produced. The thio-urea plas- 

The new “ iTf 

of household articles called “Beetlewkre ” “ “ 

stiJ: :rin";u4r ^4b4:r- 

intensive ^rrevealTr ^^^r 

dures to follow. The retu^^J'’ ” proce- 

plastic which formed nn * Ptacticable, moldable urea 

chine housings of the Toledo Scales Co Toledo O L T' 
of urea plastics, were reduced considerably in wtigh^ ’and 

Co., L. T^dT o ™d‘ToTt"'rh™- “^K-iton 
fo^aldehyde in 193^ as a 4mp:titrto 4ee““ a 74 

o~ate™r Z 7:44 4 ‘°o4 

This third organization, the”un4rcr7 

'P i«36. to form the Riash47o^%47 ; ™ 7*' 

ce mat time other plastic 
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material manufacturers have entered the production of urea plas¬ 
tics. In 1940, the Plaskon Co. was taken over by the Libbey- 

Owens-Ford Co. . 

During the Second World War, the number of urea resin mold¬ 
ings appears to have decreased though this was compensated for 
by an increasing activity in the adhesives field where the greatest 

volume is consumed. ^ . 

More recent trends in utilization of urea resins are indi¬ 
cated by its applications in the textile industry to improve the 
quality of natural fibers, and its introduction into paper manu¬ 
facture, where the presence of only a few per cent of resin grea y 

improves the wet strength of pnper. 

Melamine formaldehyde resins chemically resemble t e ureas 

and are of more recent origin. Because of their better water and 
temperature resistance, they have replaced a number of molded 
urea parts, or at least are employed in combinaUon with the ur^. 

Melamine-formaldehyde plastics, introduced in thm country mte 

early 1940’s, are produced by American Cyanamid “ 

santo Chemical Company. The melamines have 
temperature and moisture resistance than the ureas. B"**! “ 
mine and urea resins fulfill important roles as laminating agents, 

adhesives, and as hard, baked enamel coatings. 


Vinyl Resins 

Vinyl resins have been the subject of intensive commercial 
development during the past fifteen years, though the rhemisW 
of vinyl resins has been studied at length for a much longer p 
riod of time. As early as 1838 it was observed that when sealrf 
tubes of vinyl chloride were exposed to sunUght a ^hits preciPit^' 
formed. However, the intervening years contributed httle to t 
commercial development of these materials. Staudinger s fu 
mental studies in Germany on the mechanism of vinyl polymei^- 
tion, paved the way for the industrial awakening of ^ese m 
terials In this country early efforts of the 

Corn and Carbide and Carbon Chemicals Corp. m the late 1920 

resulted in the general availability of vinyl resins. _ 

of vinyl chloride and vinyl acetate were introduced during the 

early 1930-s as coatings, sheets, and mol^ materiSs 

and nonrigid sheets emphasised the versatility of these materials. 


INTRODUCTION TO ORGANIC PLASTICS 


n 


Elarly not€Worthy patents on the vinyl esters were granted to 

Lawson (U. S. Patent 1,867,014—1932) and Ostromislensky (U. S. 
Patent 1,721,034^—1929). 

Another group of vinyl resins, the vinyl acetal series, was 
developed during the same period (U. S, Patent 1,746,665—1929) 
by reacting aldehydes upon poI>'\’inyl alcohol. These materials at¬ 
tained much prominence when in 1938, as polj’vinyl butyral, they 
replaced cellulose acetate as the plastic interlayer in automobile 
safety glass. Further applications during the past few years have 
been in the field of waterproof coatings. Important electrical in¬ 
sulation was fulfilled by another member of this series, while their 

toughness was reflected in applications such as nonmetallic ham¬ 
mer heads. 

Polyvinyl chloride resins and their copoly^mers are achieving 
considerable prominence as coating materials for both textiles and 
papers, and as extruded tubing and conduit. In fact, they are 
beginning to surpass the phenolics in production volume. B. F. 
Goodrich Chemical Company and Dow Chemical Company have re¬ 
cently pioneered developments in polyvinyl chloride resins. 

In general, exceptional chemical resistance is offered by cer¬ 
tain lacquers of the vinyd resin series in proprietary coatings such 

^ Tygon and Amercoat”. “Viny'seal” adhesives also have 
gained acceptance as general utility materials. The production 
of vinyl compounds has risen tremendously since 1940 and today 

is on the same level of volume production as alkyds and phenolics 
(about 130 million pounds annually). 


Acrylic Resins 

A branch of synthetic resins, somewhat similar in molecular 
structure to the \inyl resins, are the acrylic resins. As with so 
many other symthetic materials, their industrial importance wa.s 
attained many* y’ears after the accidental discovery of their prep¬ 
aration. A solid substance obtained from the oxidation of acrylic 
acid by Redtenbacher (1843) was the subject of investigation by 
another chemist in 1872, who found that the material swelled in 
water. Sunlight converted these substances into a clear, hard, 
transparent mass. The seeds of the industrial development of 
acryUc resins were sown when Rohm published his thesis results 
m 1901. describing methyl-acry late polymers and polyacrylates of 
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high molecular weight. About ten years later, Rohm resumed 
work on polyacrylates, taking out patents for their use as rub¬ 
ber substitutes and in drying oils. In 1927 the Bauer synthesis 
was used as the starting point for the production of a small quan¬ 
tity of methyl-acrylate in Germany. By 1931, the Rohm & Haas 
Co. began production of limited quantities in the United States. 
Transparent sheets and tubes of remarkable clarity were produced, 
and used on aircraft. Polymethyl methacrylate was proved to 
be the substance best suited for industrial purposes. Finally, the 
preparation of moldable methyl methacrylate was developed in 
turn by the E. I. du Pont de Nemours & Co., Arlington, N. J. 
and Rohm & Haas, Philadelphia. Molded products of this mate¬ 
rial began appearing in 1937. As transparent windows, they have 
been widely applied as covers for industrial apparatus subject 
to frequent inspection. Much of the recent production of acrylic 

resins has appeared in aircraft. 

The curved shapes of all of the bomber noses and blisters, 

and canopies of fighter aircraft have necessitated considerable ef¬ 
fort in developing fabricating techniques for handling the large 
transparent sheets without distorting them, A new innovation, 
introduced on the B-29 bomber in 1944 was the appearance of a 
laminate of two acrylic sheets with a core of polyvinyl butyral, 
for added toughness and durability. Improved temperature-resist¬ 
ing grades for molding have appeared in recent years. 

Polystyrene Resins 

Polystyrene resins have attracted industrial interest within 
the last few years. Several large chemical companies are en¬ 
gaged in its production in the United States. It is one of the 
oldest synthetic resins, having been produced as early as 1839. 
Dr. F. Matthews of England is accredited with an intensive re¬ 
search on the polystyrene resins, the results of which were pub¬ 
lished in 1911. His practical suggestions have been valuable 
guides in the work that followed. The Dow Chemical Co., Mid¬ 
land, Mich., began the manufacture of styrene late in 1937. Bake- 
lite Corp, and Monsanto Chemical Co. are both pioneers in the 

preparation of compositions of polystyrene. 

Polystyrene has always been recognized as a splendid insulat¬ 
ing medium for high-frequency radio equipment and other elec- 
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Weal apparatus where dielectric losses are of primary concern. 

in the f “r it was mar- 

velonments ^ ® «3“iP“ent. Recent de- 

avajlable as moldmg powder, fine threads, and thin films Ex- 
h.b.tmg excellent physical and electrical properties, poZyrS^c 
has tecome the most widely used injection molding material. 

During the Second World War the production of styrene grew 

“‘'rial, attaining a rL of 40 - 

went into the manufacture of synIL^rrl\“^^^^^^ 

in^of* mfiystyrene <‘''''l°P™ents in injection mold- 

such as bottles, presage a large potential outlet for the materials 

Palydiehlorostyrene in 1944 through the eD 
Iv^aM W°--hs Co. and Dow Chemical Co made 

t" sLr. 


Alkyd Resins 

the ZI!'lonmeS'*^'^^^'^““ *“ “dustry, 

the Plastics indnsty fniZ w^^^ ‘<> 

wh^th anhydride (alkyds) begarin'’thflwj 

Develonm T P'’‘haho anhydride reached a low levd 

Oils were combined with the alkyd tnli^a! 

ance J anhydride also began to make its appear- 

Thp f f important component of alkyd resins in this period 

1936 6l\oo reached 47,000,000 pounds in 

•lyoD, d 1,000,000 pounds in 1937 17 s nnn onn a . ” 

and 188 000,000 pounds in 1945. “Beckacite”’ and “Beckosol” re!’^^’ 

trie tStrf -- hfcerll E^ 

oralk^d rlLT «-d- 

are less important to molding materials than 

rd y 

and fiakes to produce useful insulating materials. 
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There are other uses in gaskets, laminated fabrics, and papers. 
Desirable properties are obtained through modification with dry¬ 
ing and non-diying oils, fatty acids, and natural or synthetic 

resins. 

During 1943 and the years following, a number of new resins 
were introduced which resemble the alkyds in that they are esters, 
products of reaction between alcohols and acids, but which un¬ 
doubtedly will form a group all of their own known as the poly¬ 
ester resins. These resins form the basis of the low-pressure 
laminating techniques which have proved so popular in developing 
structures combining high strength with low weight. 

Polyamides—Silicones—Polyethylene 

Brief historical notes will be made on three more plastic 
materials which show a great deal of promise in engineering ap¬ 
plications. These are the polyamides (nylon), silicones, and poly- 
ethylenes. All of them attained industrial importance from 1943 

to 1947. 

Polyamides: In 1935 Dr. W. H. Carothers of the duPont com¬ 
pany first synthesized a superpolymer showing much promise as 
a textile product. Efforts were directed toward producing the 
chemicals required for the manufacture of these materials, and 
first commercial applications of the polyamides began to make 
their appearance in the 1940’s. Carother’s early patents are con¬ 
sidered basic (U. S. Patents 2,071,250 and 2,071,253—1938). Wov¬ 
en textile products and monofilaments determined the first ap¬ 
plications of these plastics, though more recently, high-tempera- 
ture resisting moldings have made their appearance. Another 
form of polyamide resin for coatings and adhesives was introduced 

by the General Mills Corp. in 1945. 

Silicones : Bridging the gap between ceramics and plas¬ 
tics the silicone resins are some of the most promising materials 
yet to be developed. Due to the efforts of the Corning Glass Works 
and the Dow Chemical Co. (Dow-Corning Co.), silicone resins were 
made available as liquids and greases possessing unusual viscosity 
stability over a wide range of temperatures (U. S. Patent 2,371,- 
050—1945 and British Patent 561,136—1944). In the meantime 
the General Electric Co. undertook the development of silicone 
resins as a high-temperature resistant insulating compound (see 
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22-1941). The silicones, in conjunc- 

scone Tf f have greatly extended the 

and oneratin? ^^sulating materials, increasing the capacities 

ines nnd w h electrical equipment. Surface coat¬ 

ings and high-temperature-resistant rubbers are among the useful 

forms assumed by these versatile plastics in recent years 

POLYETHYLENES : Largely a British development the nolv- 

e hy e„e resin, are a notable contribution to the nonri^d ty^ 

p as 1 C materials. Involving high-temperature, high-pressure 

p“:i53,55ni9l9rT''tb"'“““ ’’■'“"'■“O <U. S. 

j country the materials were first 

by theXrWde and sheets, and foiis 

de Nemou^ 1 Co Tb I”™* 

P operties make them valuable materials for use in electrical 

in wr6“Ls'^ouS‘"l’”^‘f“'' P‘’'^‘"‘™«““‘-<>^‘i>ylene, developed 
1946, has outstanding chemical and temperature resistance 


Total Production of A], Synthetic Resins In the United States 


1936. 

1937 

1938 

1939 

1940 


141,945,676 

162,104.713 

130.358.000 

213.027,548 

276,814,000 


1941. 

1942. 

1943. 

1944. 

1945. 


(Pounds) 

437.799.000 
426,731,000 
651,511.000 
780.000.000 
SOS. 000.000 


Organization of the Plastics Industry 

thosJ”oraL,w“‘^“‘ industry embraces 

teriais from wbT ™ research and development of ma- 

trial consum resins and plastics are derived, to the indus- 

ished product of ‘h® to- 

charflrTh w*' ’““"'“‘"'■''n = Heading the organisation 

mannf t Piast'®s Industry would be the primary material 

“s sva'^b'^r ” O' de 

natural o resins, and the development of materials from 

matter InsfcT Protein substances, lignin 

may constituted bd Production of these materials 

relation.,!,* ^ the compositions which they prepare. Several 

relationships may exist; for example, some material Lnufactur Jro 
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prepare only cellulose acetate, nitrate, and ethylcellulose, furnish¬ 
ing these to other material manufacturers who compoimd them 
into molding compositions. On the other hand, a molding ma¬ 
terial compounder may nitrate or acetylate his own cotton, as well 
as prepare the compositions. Further, the relationships grow less 
well defined when large custom molders feel that their volume 
of business warrants the production of resins of their own manu¬ 
facture. There are even cases where industrial consumers have 


felt that economies are derived not only in molding their own 
products, but also in producing their own resins. However, over¬ 
looking these special relationships for the sake of clarity. Fig. 1 
outlines the organization of the plastics industry. 

Converters of Plastic Materials: Engineers and designers 
come into contact more frequently with converters of plastic 
materials than with the primary material manufacturers, inas¬ 
much as the former engage in the fabrication or compounding of 
materials to customer specifications. A greater proportion of 
molding operations is conducted by custom molders in accordance 
with the designs submitted by industrial consumers. Molds are 
purchased by the consumer and are regarded as his property and 
equipment. Other operations sometimes are employed by the 
custom molder such as buffing of flash lines, drilling of holes, wip¬ 
ing-in enamel, or roll-leaf stamping on the molded part. Inserts 
to be molded into position usually are furnished by the recipient 
of the molded articles. 

Laminated material manufacturers may or may not fabricate 
their laminated products. Often the industrial consumer prefers 
to fabricate his own parts from laminated sheets or tubes. Fab¬ 
rication may entail punching of pieces from sheet stock, turning 
down small pieces on automatic screw machines, or machining 
small gear blanks. Though much of this fabrication is conducted 
by the consumer, there has been a tendency for laminated ma¬ 
terials manufacturers to specialize for specific industrial require¬ 


ments. Thus one manufacturer may devote his facilities to non- 
metallic gears or bearings, while others may turn to insulation for 
radio equipment, architectural materials, aircraft pulleys, etc. The 
specialized requirements usually entail more than laminating be¬ 
tween flat polished platens, in that the process may be more cor¬ 
rectly described as a hot-forming procedure, thus bridgfing the 
gap between molding and laminating. Engineers turn to laminated 
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phenolics when large, high-strength sections of plastic materials 
are required. 

More recent activities in the field of low-pressure laminating 
make possible the development of large curved shapes for air¬ 
craft structures, building structures, and boats. These activities 
are an important division of the plastics industry and obviate the 
need for costly molds which always are required in conventional 
molding. The casting of large plastic forms and tools to specifica¬ 
tions is another growing branch of the plastics industry, as well 
as the extrusion industry which is engaged in the manufacture of 
rods, tubes, and shaped bars of miscellaneous cross sections. Com¬ 
parison of the number of companies engaged in converting plastic 
materials in 1941, 1944 and 1947 shows the growth of this branch 
of the plastics industry: 


Number o£ Plastics Converting Companies* 

Activity 

Compression Molding: ... 

Injection Molding .... 

Extrusion Molding . 


* • 


• Some companies may be engaged in more than one of the above activities. 


1941 

1944 

1947 

400 

800 

890 

200 

320 

550 

• * • 

112 

• * « 

of the 

above activities. 



If one were asked which quality of plastic materials it is 
that makes them such interesting materials to work with, he un¬ 
doubtedly would reply “versatility.” There are plastics hard 
enough to abrade tool steels and others fluid enough to use as 
lubricants, although generally they are classified as rigid and non- 
rigdd varieties. Some plastics possess tensile strength and elonga¬ 
tion comparable to the best rubbers; others are as transparent 
as glass. Plastics are truly chemical materials capable of adjust¬ 
ment to meet the many demands of engineering specifications. 

Plastics in Machine Design: The excellent utility of plastics 
as engineering materials is substantiated by numerous mechani¬ 
cal applications. Their low moduli of elasticity, as compared to 
the more common metals, will work to advantage in some designs 
and at a disadvantage in others. For example, the inherent re¬ 
siliency of plastics make them suitable for quiet running gears or 
for the construction of panels where much mechanical scuffing is 
present. A low modulus means that an automobile fender of sheet 
plastic is less apt to suffer permanent damage than a sheet metal 
fender. Then too, plastics lend themselves to the construction of 
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composite laminates havinsf Inw 

ratios comparable to t^r W 1,7 ^trength-weight 

thickness, sheet metal is mul srff “ckness for 

suited to stactural applica«“ s 

The low density of plastics, averagina ahn„f n ns „ 
cubic inch, has influenced the design of L ,7 

wide variety of miscellaneous articles tL den ^ a 

from 3 pounds per cubic foot for lightweight folms Tssn '’7'^ 

will resist a wide varietv of T . 

et wiae variety of chemicals which af-fnr.ig __ 

tarwatel’ rae‘ 7‘ bo”-' 

and know 'their UmH^ors blrapp^nf ^Tm 

details, witho7thf neLly ^subUn^tT^^™ 

s:idi%r«ratirt?tr tora^Li^: 

in fbe a > . ‘ advantage when they are used 

utoost fldem; o' thousands of parts with the 

of reM “oterials 

these materials°flrst made th®‘’0 ''‘'valuable. When 

commenced utilizing ”het IfuMir^',-’ 

descriptions RaHin ^ i ^ insulation requirements of all 

portant outlets for provided im- 

Outstanding perfori^u7 laminated and molded plastics, 

hibited by such p^ " frequencies has been ex- 

Polyethylene whiJp t , yrene, polydichlorostyrene, and 

fomaldehyd; IntmL Phenol 

general purpose insulat™^^^ ormaldehyde materials function as 

'olers, =c:it7;entLr^^^^^^ -us¬ 

ing incrcMing im^rtMc^rtlm "fi Id °7T° ^'“*"0® ®’'® ®aaum- 

Ouatries. Naturally resistant t“si: g:" *”■ 

^^Is, thev 23 rA infl • sases, liquids, and chemi- 

equipment subiect to” 1* '”'“‘0®* Waratus or 

less sf7 ,? f corrosive conditions. Hard rubber stain. 

ployed egtensivel7in’chel^'''’’”-”'’ ’‘f™ been em- 

ug serious bid for recognition. Hot-acid handiing apparato 
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and pipe lines, and numerous applications in the electroplating 
room are but a few of the many typical uses. If not in molded 
or laminated form, the plastics may serve as protective coatings 
for aluminum or steel, or as binders for ceramic bricks. Chlori¬ 
nated polymers, such as chlorinated rubber and polyvinylidene 
chloride, and fully-saturated polymers such as polyethylene, poly- 
tetrafluoro-ethylene, and polyisobutylene, have shown exceptional 
resistance to the strongest acids and alkalies. 

Plastics in Optical Equipment: A large number of the plas¬ 
tics are available in transparent forms, which are easily machin¬ 
able or readily moldable. One-half the weight of glass and much 
more resistant to breakage than inorganic glass, the transparent 
plastics as engineering materials are in a class by themselves. The 
more optically clear varieties and the more weather-resistant types 
have found their way into all types of aircraft. Aside from these 
important uses, transparent machine models to aid the designer, 
models for photoelastic analysis, manufacture of safety glass, rap¬ 
id reproduction of lenses for low cost optical goods, and many 
other applications indicate their versatility. 

Plastics as Heat Insulators: The resistance of solid organic 


plastics to high temperatures is relatively poor as compared to 
most metals, with few exceptions. Formulated to be molded or 
laminated with heat, plastics still retain a degree of heat sus¬ 
ceptibility, as manifested by variations of physical and electrical 
properties with changes in temperature. However, as insulators 
for the home or for low-temperature apparatus, the low-density 


foams prepared from plastics, with their low K-factors, present 

properties favorable for such use. 

Recognizing that the temperature limit of most plastics is 

under 300 F, designers nevertheless utilize their heat insulating 
properties and low thermal conductivity by specifying plastics for 
control knobs and buttons, where it is desired to reduce heat 
flow to the hand. In the simplest example, it is better to make 
the frying pan out of metal, and the handle for the frying pan 
out of plastics. With the exception of tetrafluoroethylene and sili¬ 
cones, no plastic is safe above 500 F. 

Plastics and Woods; Both as adhesives for wood veneer and 
as impregnants for wood, plastics have teamed with woods to offer 
superior materials. From the role of reducing splits and checks in 
seasoned lumber to high-density laminated airplane propeller hubs 
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and blades, plastics find entry in the wood industry. Plywood faced 

with thin films of resin treated papers or textiles has become not 

only much more decorative, but also much more W'eather resistant. 

Hot-setting synthetic resin adhesives have made possible efficient 

construction of laminated boat keels and large droppable aircraft 
fuel tanks. 


Plastics and Paper: Resin-impregnated papers have long been 
standard in the manufacture of certain grades of laminated plas¬ 
tics. More recently the introducUon of a small percentage of urea 
or melamine resin into the beater of the paper forming machine, 
resulted in the development of a high wet-strength paper. On the 
other hand, plastics may be applied to papers as protective coat¬ 
ings. giving them grease and oil resistance, or greater gloss; they 
may funcUon as sizing agents, or at least make their appearance 
m the manufacture of printing inks. Beyond these applications 
ere are developments such as the resin-pulp preforms which are 

employed m molding thin diaphragms to large automobile bodv 
components. 


1 ia>tiCN and Rubbers: It is becoming increasingl 3 ' difficult 
to draw a distinction betw^een rubbers and plastics, because many 
pieties are rubber-like when judged by their elongation, and many 
natural rubber denvatives have been treated to be used as moldable 
piques. StNTone and acrylo-nitrile, important synthetic resins, are 
oth -mp o.v<^ extensively in the manufacture of synthetic rub- 
Most rubber manufacturers offer some of their industrial rub- 

e astrori" formulations based upon s^mthetic resin 

a tomers which po.ssess outstanding oil, gasoline, or grease re¬ 
sistance. Composite laminates of vulcanized rubber stocks and 
fac.^ of organic plaatics arc useful as vibration absorbers 

I'Ust.es and Textiles: There are many etudences of the close 

te^alT,^™ V " and the plastics ma- 

P'aatics are now being widely used by 
l^e texule manufacturer for dress goods and industrial fabrics 

T^c need fon ->;nthetic resins became apparent when our arm^' 

trx" ™ C"d' 

from plastics are ver^■ much in e\udcnr#a tc „ 4 . ^ t^parea 

base fiber, plastics are’ employed as frprtgnfnt^l'™!*’’' 
or as protective coatings for woven goods 
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Plastics and Ceramics: Plastics have fulfilled unusual func¬ 
tions in the ceramics field. Adhesives and impregnants are well 
known in their ability to improve water resistance, reduce porosity, 
and improve mechanical strength. Less known are the applica¬ 
tions of organic plastics as temporary forming members for fine 
details such as threads in ceramics, the plastic disappearing 
during the firing operation used to cure the ceramic. Small 
amounts of certain plastics are important to the entrainment of 
air in Portland cement, while others establish moisture barriers 

on the surface. 

Plastics and Explosives: In the development of explosives 
and rocket propellants, certain plastics have been important as 
binders for the oxidizers. The dividing line between nitrocellulose 
for plastics and nitrocellulose for explosives is rather narrow. Ap¬ 
plying their own qualities of castability and extrudability to ex¬ 
plosives, plastics have been used in making rockets. Better known 
are their applications as rocket launching tubes on aircraft. It is 
also probable that nitrated polymers will play a more important 
role in the explosives field. 

Plastics and Metals: In the rise of organic plastics it was 
only natural that metal products should be thrown into competi¬ 
tion with plastics products. When the best qualities of both ma¬ 
terials are understood, designers find no difficulty in producing 
designs utilizing complementary features of both metals and plas¬ 
tics. While for the time of national emergency plastics were 
adopted as substitutes for more critical metals, this was only a 
temporary measure because both plastics and metals became criti¬ 
cal materials. Today many metal fabricating concerns show their 
foresight by establishing a plastics department, whose responsi¬ 
bility is to see that both materials are used in their proper place. 
Only the uninitiated or the inexperienced fail to weigh properly 
the engineering properties of plastics. The fact remains that thus 
far there is no organic plastic made which can rival: 

1. Surface hardness of metals 

2. High modulus of elasticity of metals 

3. Temperature resistance of metals 

4. Strength of ferrous metals per unit area. 

On the other hand, plastics owe much of their appeal to the 
following qualities: 
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1 . 

2 . 

3. 

4. 

5. 

6 . 


-'■"'-spheric attack 

Ease of moldability to complicated designs 
Attractiveness and decorativeness 

fawrable thermal properties 

stren^k " insulation with good mechanical 


sons*’fofthe“Ln7'^‘*''* 0”« <>f ‘he paramount rea- 

color IcLmes ohr 17 nttraotiveness of the 

and pigments a 7 al ^ inclusion of the proper dyes 

tions is aval Ible^h =1 unlimited variety of color comblna- 

nated articles The de ^''1 

but be color' consciourptrttuC^ r*“”" “ 
Standards are being raised hv ^ i ,^^7 • consumer’s own 

tied colors pearl essence ff ^ ° advertising. Mot- 

ty el^ects ’crL~ novel. 

Pointmcnts in aut:Crah7b;X^^^^^^^^ ^ - 

Of the Plasucstt:t.^7n7„^‘*“ >’-nohes 

«I its many functions F^om a 

neering fundamentals of plastics ini of the engi- 

value as engineering materials wilTbe adj„d“‘ 



Chapter li 


Types, Characteristics and 
Preparation of Organic Plastics 


Organic plastics are so diversified in their nature and their 
origin that considerable attention has been given to their chemical 
background and the methods of classifying them. In covering the 
chemistry of organic plastics an effort is made to familiarize the 
reader with the basic materials from which the plastics are syn¬ 
thesized, at the same time outlining the processes by which use¬ 
ful engineering materials are prepared. Though no pretext is made 
of simulating the descriptive detail of the publications devoted 
solely to the preparation and processing of plastic materials, it is 
hoped that a survey of the chemical background will serve to dis¬ 
pel any hesitancy that an engineer may have in applying such 
materials. Several purposes are served by reviewing the chemis¬ 
try of the plastic materials. In the first place, in the light of ex¬ 
periences with other engineering materials of construction, design 
engineers should feel better equipped to apply plastic materials if 
they have some working knowledge of how they are prepared and 
what limitations confront the materials manufacturers. Further¬ 
more, a survey of this nature enables engineers to predict and to 
understand the variations in the properties of the plastic ma¬ 
terials. In a later chapter, when the properties are analyzed, fre¬ 
quent references will be drawn to certain conditions in the prepara¬ 
tions of the materials which contribute to the unusual behavior 

of some of them. 

A plastic material is capable of being molded or shaped to 
some coherent form at some stage of its manufacture. Care was 
taken to state “at some stage of manufacture”, for there are cer 
tain heat-hardenable plastics which can be molded only once, be¬ 
ing converted to infusible substances by such operations. Whi e 
plastic materials include inorganic as well as organic substances, 
this text deals primarily with those organic in nature, i.e., com 
prised of combinations of hydrogen, carbon, oxygen, and nitrogen. 
Inorganic materials such as clay or cement, while plastic in the 
behavior toward forming operations, are reviewed more adequately 
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m a paper devoted to ceramics. Another notewnrfh^, i • 
ber In thi . T. materials is natural rub- 

the applicatior ornaJuraT rubbe^’r '*'=''®'<>P“ent and 

preparation of vul^ elairLtertl T 

However, the rubber indLtry" n'rhe pTs^ 

tain features in common Tn Plastics industry have cer- 

ganic plastics with rubber-like quIliWes 
ning parallel along certain Iinp>^ 

developed for their plastic onai-f ’ ^ ^ natural rubber products 

for their rubber-like properUes '? T developed 

recent synthetic rubLcf emlr'ln 

resins in their manufacture t Qnantities of synthetic 

find synthetic rubbers useful i thermoplastics 

uppers useful as internal plasticizers. 

accordancri^thTheTr reLlT T - - 

-ay quite satisfactoriirbe described P'-‘-s 

or thermosetting. ^ either thermoplastic 

at normal teCeraturts, ^but^TOdfsoft - rigid 

heat and deform under pressure. appUcation of 
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to become substantialfy infusll ' 
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heating. There are othem^r of 

thermosetting materials because of th classified as partial 

cross linkages which may tie to^dh infrequent 

moplastic structure. However, in the otherwise ther¬ 
moplasticity may be exhibited by thermo ther- 

are reheated to temperature* ^ ^^ennosetting materials if thev 
Which they were formed.^"' -PPcecably higher than thle It 
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Types of Plastics 

Organic plastics may be prepared literally from hundreds of 
substances. Chemical literature is replete with research and data 
upon substances which constitute potential sources for plastics 
materials. From these, relatively few have been developed as 
commercially impoi'tant materials. Those which have been de¬ 
veloped for engpricering purposes have combined economic feas¬ 
ibility with an optimum set of properties. There is no single 
plastic or group of plastics which is outstanding in all engineer¬ 
ing requirements. Each one has advantages as well as limita¬ 
tions. Before undertaking an analysis of the various plastics in 
the light of their engineering characteristics, a survey wall be made 
of tlie types of plastics, the raw materials employed in their manu¬ 
facture, and a brief outline of their preparation. One of the most 
convenient ways of classifying plastics is in accordance with their 
source, and their thermoplastic or thermosetting beha\'ior. 

Table I presents an outline of the tjqies of organic plastics. 
Four major groups are present with the synthetic resins serving 
as the most prolific source, followed by the cellulose derivatives, 
natural resins, and protein substances. It is always desirable to 
define the various group headings appearing in Table I. One of 
the most difficult is the synthetic resin by reason of the many 
shapes and uses it may assume. From liquids to infusible solids, 
or impregnants to molded articles, the synthetic resins are ^he 
most versatile of the materials. Capable of chemical readjust¬ 
ments to develop certain quaUties, they sometimes are referred to 

as ‘tailor-made’ materials. 

Synthetic Resin: A complex, substantially amorphous com¬ 
pound or viscous liquid, built up by chemical reactions betw een 
primary, non-resinous substances and capable of developing high 
molecular weights by processes of polymerization. In the polv- 
merized form sjTithetic resin may be given physical characteristics 
which will lend it to the molding and fabrication processes of 

the plastics industry. 

Cellulose Derivative: A natural-occurring high-molecular- 

weight polymer, comprising substantially a cellulose structi^, 
which has been modified chemically to develop certain mechanical 

or chemical properties. 

Natural R^sin: A complex, substantially amorphous com- 
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Table I 

Classification of Plastic Materials 
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Types 


Major Fields 
of Application 


Piionol-formaldehyde 

Urea^formaldehyde 

Melamine-formaldehyde 

Phenol-furfuraldehyde 

Aniline-formaldehyde 

Alkyd resins 


Synthetic Resins (Thermosetting) 


Conmnercial Korms 


Substituted 

maldehyde 


phenol-for- 


M o I d 1 n g. lamlnatlae, 

casting, adhesives, im- 
pregnants 

Molding, laminating, ad- 
hesjves. textile impreg- 

MoMing, laminating, ad¬ 
hesive, textile and 
paper impregnants 

Molding and laminating 

Laminating 
Surface coatings 
Surface coatings 


Resorcinol-formaldehyde 

Furfural-furfuryl alcohol 

"^nnheLflyTs? 


Molding powders, var¬ 
nishes. liquid resins, 
laminated sheets 

Molding powders, var¬ 
nishes, laminated sheets 

Molding powders, var¬ 
nishes. laminated sheets 

Molding powders, var¬ 
nishes 

Varnishes 

Oil-soluble varnishes 
Oil-soluble varnishes 


Adhesives and laminating Varnishes 


Adhesives and impreg- 
nants ® 

re laminating 
and casting “ 


Liquid resins 

Liquid resins and pastes 


Thermosetting Qualities) 


^o'yyinyl butyral (phen¬ 
ol-aldehyde modified) 


Molding and coating 


Styrene-dlvlnyl 
copolymer 

'V^Icanlzable Copolymers 

styrene-butadiene 

Isobutylene-lsoprene 

^Icanizable polymer 
Lhloroprene 


benzene Molding 


Rubber industry 


Molding powders and so¬ 
lutions 

Molding granules 
Sheets and finished goods 


Rubber industry 


Sheets and finished goods 


(Th.rmopIa.tic) 

Molding anrt roK.r-., 


Polyamides 

I^olystyrene 

Polyvinyl chloride-acetate 

Polyvinyl chloride 

Polyvlnyiidene chloride 

Polyvinyl formal 


Molding and fabricating 
Molding and textiles 

Molding and fabricating Jo,7r’ 

Molding, lamir»,n„„ Powders, sheets 


powders, trans- 
parent sheets 

“lents. and woven goods 


Molding and textiles 

Molding (rubber-like) 


powders. Held 
and nonrlgid sheets 

'foS" 

Molding powders 
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Types 

Polyvinyl butyral 

Polyvinyl acetate 
Polyvinyl alcohol 
Polyethylene 

Polyisobutylene 

Silicones 

Maleic anhydride “ad¬ 
ducts’'-glycerol — fatty 
acids 

Polydlchlorostyrene 

Coumarone-indene 

Polyterpenes 

Poly tetrafluoro ethylene 


Table I (.Continued) 

Major Fields 
of Application 

Molding and coatings. 

Adhesives 
Rubber substitute 
Molding and extruding 

Rubber substitute 

Impregnants, oils, and 
coatings. 

Surface coatings 

Molding 

Extenders for coatings 
and varnishes 

Extenders for coatings 
and varnishes 

Chemical resistance 


Commercial Forms 

Molding powders, calen¬ 
dered sheets, safety 
glass 

Solutions and granules 

Sheets and tubings 

Sheets and molding gran¬ 
ules 

Liquids to semisolids . 

Varnishes and liquid 
resins 

Liquids to semisolids 

Molding powders 
Liquids to solids 

Semisolids to solids 

Films, rods, and tubes 


CELLULOSE DERIVATIVES (Thermoplastic) 


Cellulose nitrate 

Cellulose acetate 

Cellulose acetate-butyrate 

Ethylcellulose 

Cellulose propionate 
Methyl cellulose 

Benzyl cellulose 

Sodium carboxymethyl 
cellulose 

Regenerated cellulose 

Cellulose acetate- 
propionate 


Surface coatings and 
fabricating 

Molding and fabricating 
and textiles 

Molding and hot-melts 
for casting 

Molding, fabricating, hot- 
melts 

Molding 

Coatings and thickening 
agent 

Molding 

Coatings 

Packaging and textiles 
Coatings and Molding 


Lacquers and sheets 

Molding granules, thin 
sheets, woven goods 

Molding and casting 
solids 

Molding powders, sheets, 
g^nd solids for casting 

Molding compositions 
Powders 

Molding powders 

Aqueous solutions, pow¬ 
ders 

Thin sheets and woven 
goods 

Lacquers and molding 
compositions 


NATURAL RESINS AND RUBBERS AND THEIR DERIVATIVES 


Shellac 

Bitumen 

Copal gum 
Dammar gum 


Coating, molded parts, 
adhesives 

Impregnant, adhesive, 
jiaving, molding 

Varnishes 

Varnishes 


Molding powders and so¬ 
lutions 

Semisolid to solids, mold¬ 
ing compounds 

Solids 

Solids 


types, characteristics and preparation 

Table I ( Conclxided ) 


Types 
Arabic giim 
Ligrnin 


Major Fields 
Application 

Adhesives and sizing^s 
Extender and laminatin^/^ 


Gasoline-insoluble pine 

wood resin ^ n e Laminating and extend 


ei 


Starch and starch esters 
Rosin 

Rosin esters (givcerol 

Pentaerythritol, glycols; 

rosin and 


Commercial I'ornis 
Solutions 

Extender for phenollcs, 
and laminated sheets 

Tubes and rods, extender 
for phenolics 


Adhesives and s 1 z I n 
agents 

^ arnishes and s 1 z i n 
agents 


S Powders 


Coatings, adhesives and 
plasticizers 


Solids 


J.iquids to semlsoJjd.s 


Polymerized 

esters 


rosin and 


Chlorinated rubber 

Isomerized rubber 
Rubber hydrochloride 


Coatings, adhesives nlas- Tit ,1 

ticizers I-lquids to seniisiilids 

Coatings, adhesi\ es t i sj 

ticizers * * J-iquids to semlsollds 


Acid-proof coatings, ad¬ 
hesives 

Adhesives 


Packaging and coati 


ngs 


Powders 

Powders 
Til in sheets 


Casein 


Soya bean protein 

Zein (corn protein; 
Blood albumin 


Protein Substances 

adhesives, textiles 
Adhesives and textiles 


Powders, sheet, solutions 
woven goods 


Coatings 

Adhesives 


Solutions 

goods 


and 


woven 


Powders and solutions 
Powders and solutions 


ve^r^hr “""ring as a by-product of ■ . 

vegetable, or marine life anH Viott,-,, i. . ^ Product of animal, 

similar to the synthetic resins. ^ ^ ^ chemical aspects 

Protein Substance: Natural-occurrino- k- i 
polymers of widely differing chemical n ^ ^^^^‘^^o^ecular-weight 

nonfibrous in physical appearance ^ 

down to a mixture of amino acids. ’ breaking 

These classifications are presen u 
ot the chemical origin of plastics T" *'''■' 

oai properties. With the etceptirof tn 

Samc plastics generally are of high m l * '’esins, the or- 
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timately associated with the mechanical, thermal, chemical, and 
electrical behavior of the material. 

Molecular Structures of 
Thermosetting and Thermoplastic Materials 

The study of organic plastic materials is a study of high 
molecular-weight compounds. It is not an easy matter to com¬ 
prehend the structure of large-molecular-weight substances, thoug 
an analysis of the reactions leading to their formulation shoul 
be helpful in understanding their properties. Polymerization has 
been conceived as intermolecular combinations of similar mate¬ 
rials, proceeding indefinitely to form larger complex molecules. 
Condensation phenomena proceed in a somewhat similar manner, 
with the exception that simple substances such as water are elim¬ 
inated as by-products at the union of the molecules. There are 
two principal patterns which are followed in the formation of 

large, complex molecules. 

In one of the patterns the molecules exist in the form of long, 
thread-like members. These long-chain molecules are characteristic 
of thermoplastic materials. They may be oriented so that their 
major axes lie parallel (greatest physical strength is ^evelope 
under this condition) or they may be unoriented. On theoaer 
hand, a considerably more complicated structure exists for thermo¬ 
setting materials, in which cross-linking between molecules occum 
frequently. This three-dimensional structure explains the resist¬ 
ance of thermosetting materials to deformation by heat and re- 
sistance to swelling by solvents. 

1. Chain-like Structure: In this pattern the molecules are 
joined end to end in a thread-like or chain-wise structure. Car¬ 
bon to carbon linkages are the most common, oxygen nitro¬ 

gen, and silicon linkages may prevail. Some of the long- 

molecules exhibit crystallinity when stretched f 

long-chain molecule may take place as a simple addi i P ^ 
zatfon, which occurs, for example, on opening of the double bond 

of a vinyl resin, symbolically represented as: 

nR — polymerizes to — (-R-R-R-R-.-R-R-)n 

Where R may be, for example CH, CHX, and X a halogen, alkyl, 
or aryl group. 
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polymerLu^"„r''™'“ “'’'““S’' “"densation- 

polymerization phenomena of bifunctional molecules • for examnle 

ethylene glyco, and sebacic acid, symbolically representd “ 

+ nRo* —polymerize to—> 

(-R1-R2-R1-R1-.-Ri-R 2 -)n + nH 20 

also izi: 

illustrated as follows: "'^^^‘cules and may be symbolically 


nS and nR 


combinations thereof 


polymerize to 


(-S-R-S-R-.-S-R-)n or 


The chain-like structure is the basis nf tho fv. 

atrong primary bonds between members of the'Th'’ " 
secondary forces between adjacent chains Pole ^ 

atoms to form a moTeeule '•=== b«‘-een 

‘0-. Fig. 2 graphically ‘ th^fo^TT 

molecules through the interactinn r.f ■ i long-chain 

state, fully polymerized thermoplastic sy^Setkresrn^' 
for incorporation in molding comnositionc f 

■ngs, etc. This reaction is illustoaUve of’ 1 ^“^ ’ 

styrene, polyacryUc, and certain polyvinyl resins P»'y- 

2. Complex 3-Dimensional Structures- Rv 

densation-polymerization, addition polymerization*^ v 

of both, certain molecules are not on^ c^lTe of 

one another to form a chain-like structurf but 1 

chains to form a three-dimensional cross lint n* !*“ ‘''® 

type of molecular growth is typical of the th*‘* This 

and serves to explain the re^ve infLbiUtv 
such matenaU, when polymerized to their fullest ‘* 1 ““’“*“'“^ 
ception of the S-dimensional structure Zll h 

ing the physical properties of the nhennr * *“ interpret- 

chapter. Phenohc plastics in a later 

A useful schematic illustration Fin 32 
nges ensuing in thermosetting resins . ^^^uctural 
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R Houwink"% in which the simultaneous existence of soluble and 
insoluble units is deemed a possibiUty. The transformation from 
a soluble, fusible stage A heat-hardenable resin to a stage C in¬ 
fusible, insoluble material is depicted herewith. In understandmg 
the theoretical background to this illustration, one must recog¬ 
nize that the atoms have lost their singularity. Further, a dis- 



Fig. 2—Graphic formation of long-chain molecules 


Unction may be made between Intermolecular cohesive 

the basis ot the energy content of the bonds, primary bonds being 

considerably stronger than secondary bonds. 

As a thermosetting resin (or thermoplastic resin) polymerizes, 

primary homopolar bonds are formed where valence electrons of 

adjacent molecules are shared mutually at the reactive pom 

of the molecules. Intermolecular secondary bonds also will be 

formed because of the electrostatic forces of attraction between 

dipole, induced dipole, and ionic charge combinations. When the 

secondary forces prevail, the molecule still is fusible and soluble. 

However, in stage B of the thermosetting resins, or a thermosettmg 

-^isiastlclty. Plasticity and Structure of Matter. By R. Houwlnk. Cambridge Uni- 

versity Press* Ix)ndOD, 1937. 
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SOLID STAGE A RESIN 
( FUSIBLE } 


LIQUID STAGE A RESIN 






O0 


OULID STAGE B RESIN 
( NOT FUSIBLE ) 


SI AGE 



C3 

T 


( INFUSIBLE ) 

changes in structure of thermosetting resin 

(AFTER HOUWINK) "ftSIN 

UNITS , FREELY ROTATING MOLECULES f sn't . .o, r- ^ 

unI^s! fixed mIJn^ Sf pi^mTry ; 




resins 


resin not fully polymerized, there is a no«o-K-T'* 
molecules cohering by secondary forces may hi ^ 
encu-clement of primary bond liLagar I ““■“PP"’* by an 
wiU be susceptible to attack by solLnts tb «'®“ents stiU 

essentially nonfusible. Full polymerization ofT “‘'•““‘“■'e is 
mtnesses substantial estabUshr^t of nr resins 

^een adjacent molecules. However onlv ’’’ Unkages be- 
beoretlcaily possible iinkages is eskbUsbel^Tic^,!?; 




34 


PLASTICS IN ENGINEERING 


that the tensile strength of synthetic resins would be much 

greater if these were completed. 

In addition to the isogel theory of Houwink there are other 


theories particularly adaptable to the thermosetting structures. 
Most prominent of these is the sphero-colloidal theory, which 
visualizes small clumps, called sphero-colloids, distributed in a 


continuous phase of lower-molecular-weight components.* Both 
theories, however, admit the possibility of low and high-molecular- 
weight components in the polymerized or cured synthetic resin. 
As the cure advances the number of low-molecular-weight com¬ 


ponents disappear, and resistance increases in chemical tests such 
as those based upon the extraction of soluble constituents. How¬ 
ever, as the cure continues, the rate of polymerization decreases 
and the presence of traces of unpolymerized fractions is always 

theoretically possible. 


The presence of high and low-molecular-weight fractions pre¬ 
vails not only for the thermosetting synthetic resins but also for 
the thermoplastic synthetic resins as well as the cellulose deriva¬ 
tives. While the non-uniform molecule weight may at first appear 
to be a disadvantage, it has its merits from a processing point of 
view because it permits proper balance of polymers to obtain 
good molding or good solubility characteristics consistent with 
good physical qualities. Expressed in a simple manner, it is pos¬ 
sible to soften or plasticize a high-average-molecular-weight com¬ 


pound with a lower-molecular-weight fraction of the very same 
material. 

With the appearance of an increasing number of thermo¬ 
setting resins, it is becoming more important to distinguish be¬ 
tween the degree of cross-linking between molecules, which phe¬ 
nomenon establishes a thermosetting material. Infusibility and 
insolubility may at times arise from one or a combination of the 


following; 


(a) Molecules which of themselves are capable of cross-linking 
to one another (this is expressed in terms of certain unsaturated 
molecules with conjugated double bonds; in terms of poly-function- 
ality; or simply, reactive points on the molecule) 

(b) Added substances capable of bridging the molecules and 
establishing primary bonds (such as vulcanizing agents in rubber 

manufacture) 


*H. Stager, W. Siegfried and R. Sanger—Holv, Phys. Acta.—12, 661, 1939 
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ins certain gases, particularly oxygen, capable of render¬ 

ing certain resins or polymerizable oils infusible and i^nsoluble. 

nativt IZZ T*"'' “‘■■“'■Sh the firat alter. 

manufacture ofTh Particularly evident in the 

reacted Cth‘ ‘'f 

cant is the cl. 1 thermusctt.ng structure. Also sianifi- 


\JTU -a. —rraaiv-ll CI USK-UIlKItl 18 e.8t 

1 bnttieTvne" ^ **’' l-olymerir „i„n, 

a Rougher mol el I™" “"vet thue,’ 

mised tre lls the „Ir 'T'’, "■“““■ ^ •» 

plastic the polvmer p tT ° cross-linkages the more thermo- 

synthetic resins listed ilTAml 111°" h Part'll thermosetting 

orittle type Of thermlltilrrlsil ” --c 

as an amorphous materhiJ.^^ l>ort rayed 

molecular weight distribution, and indefinTrL^wT’ 

suggest this classmcation. However there ® 

hence that for some of the materials ther'“ “T 

regions, where long-chain molecules ma; bo grol^l"'!!""’" 
orderly patterns, accompanied by amornho.is f P®^ together in 

separaUons of these molecules. Under certain”! 
manufacturing techniques, the presence of n Processing and 
observed in X-rav ^ of discrete spots can be 

of crystalline groupings^' Pindicating the presence 
the r!alm 'ho convenience of 


POLYMKRIZATION: A chf>mi>ol 

a new compound whose molec, lar "’Cnialion of 

al substance. secular weight l.s a multiple of the origin. 

COXDEXS.ATION-POLYMFJiIZ.\TIOV- Thp 

Psnied by the elimination of wnteror ZT, Z "“>''C"los acoom- 
arge complex molecules which are mu°tlh?e, “> '‘’•■■u 

less the by-products. ^ ® “’e original molecules 

Monomer; An unpolymerlzeti m/Ni i 
;arger mo.ecu.es fas, for example, thruVrj^,- - 

Proportionatc“om^sltIol “'’elem'^ta'''’ “"'P““"<is with the same 
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Methods of Polymerization 

The methods of polymerization depend upon the type of end 
product which is desired and the manner in which it is to be used. 
Polymerization is usually effected by heat or catalysts or some¬ 
times both. Catalysts may be chemical in nature or dependent 
upon the influence of ultraviolet light. When poljonerization takes 
place it may be conducted as: 


(a) Mass Polymerizations: Resin monomer is cured to a solid 
block or sheet, or polymerized ‘in situ' after impregnating a porous 
material. 

(b) SOLUTION Polymerization: The resin monomer is dissolved in 
an appropriate solvent from which it may precipitate as it is polymer¬ 
ized, or remain in solution. The molecular weight is dependent upon 
the solvent. Some vinyls are polymerized in this manner. 

(c) Emulsion Polymekization : In the manufacture of molding 
granules or special coatings, the resin may be polymerized in an 
emulsion with the aid of appropriate catalysts and emulsifying agents. 


Conditions of Polymerization: Organic substances which are 
susceptible to condensation and polymerization reactions presup¬ 
pose the existence of highly reactive points in the individual mole¬ 
cules, at which points the primary valence bonds take effect in 
forming the links between adjacent molecules. In connection with 
the formation of polymers, there are three interesting postulates 
established by Kienle in his investigations on alkyd resins*. These 
postulates are listed herewith: 


I. Organic compounds of a high molecular weight are formed 
only when the interacting molecules have more than one reactive 
point apiece. 

n. Interlinking of molecules proceeds according to chance con¬ 
tact of two reactive points. 

HI. The relative size and shape of the reacting molecules and 
the position of the reactive points on the molecule largely deter¬ 
mine the physical properties of the resulting substances such as 
hardness, flexibility, heat convertibility, etc. 

The dependence of physical, chemical, and electrical proper¬ 
ties upon the nature of the polymer formed cannot be emphasized 
too strongly. In a subsequent chapter on the properties of plas¬ 
tics, relationships will be drawn between physical properties and 


•R. H. Klenlc—Vf. A.C.S.—55. 228-T, 1936. 
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the molecular weight. Aside from the basic aspects of polymeriza- 
t.om there are the possibilities of co-polymerization, wrerebyTo 

TsSucturdr''^ T"" P'-oPortions to achieve 

either one of fT" chemical characteristics from 

, . ^ themselves. While there are 

ZromZ copolymers (po“! 

and polyisobuXetop^,:^^^^^^^^^^^ 

o" rirrr- ‘7“" 

o-zanf r ^ ^ oundly the characteristics of the initial tpm- 

^ For example^ copolymerizatinn nf o n 

benzene (which has four ro f ■ amount of divinyl 

polymer of much greats so'ive''n?“''‘? “ 

Or still another approach is indicateTi'n%h"e'Lrple"of is'ftT"' 

rtte^ f'lra'T T 

saturaied and rnTpable of 77™" " ““bstantially un- 

inclusion of a smra^oum ^ —■'"king. The 

urated portion into the linear 777th 

gredients can influence. . - ch the vulcanizing in- 

trodu?e7df g7uprg77 7“'>™-‘-tio„ it is possible to in- 

eomplicatlons may be intllc^ due t Tht’infl 

elastic properties, the temperature resistanc! fh The 

vents, and the dielectric constant for examnfe 
the identity of the side groupings whieh ^ ’ f ^^P^^dent upon 
chain-like molecule. ^ attached to the long 

Methods of Altering Properties of the Polymer 

In the discussion so far, a few nf +>,,, • • 

the control of polymerization hat been c tef 
‘hia there are numerous circuml7nces ^ht^'n 

made on the final poljTner to develop cer7 n may be 

technique is indispensable to the natural 77^7™""' 
seldom are found in nature in a form usabm 7 which 
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engineering requirements. The entire background of cellulose de¬ 
rivatives is predicated upon reactions at the available hydroxyl 
groups, which introduces side groupings possessing desirable quali- 

® ^ ^ „J.T_ fcilrfas 

ties of moldability or solvency. 


— _ further polymerization takes 

place and, if anything, a degradation occurs, though in the end 
a useful high polymer is obtained. 



xxi XX __— _ chemical grouping ac¬ 

companying the cellulose generally is identified in the nomen¬ 
clature as, for example, cellulose nitrate or cellulose acetate. 

■ At present there is considerable research being conducted 

upon chemical changes in other natural high polymers. Most 
notable of these are lignin and starch. Starch esters and hgmn 
esters appear to offer materials which will play more prominent 
roles in the fields of plastics. Even the polymers prepared from 
synthetic resins are capable of undergoing further changes strik¬ 
ing examples of which appear in the aldehyde modified polyviny 
alcohol resins. Other examples include chlorination of the po y- 
mer, as for example after-chlorinated polyvinyl chloride, which 
appears to have better toleration of solvents than the straig 
polyvinyl chloride. Again the possibilities are limitless, as chemi- 
Ll treatments of the polymers have scarcely begun to be exten¬ 
sively explored. _ 

At present the most widely used method of altering e 

properties of the polymer is to admix mechanically various pro¬ 
portions of plasticizing agents such as various natural 
high-boiling-point esters to obtain a proper balance of mo y 

and good physical and chemical propei^es. ^he 'uncrio^of^a 

plasticizer is primarily to soften a polymer so 

capable of being molded or extruded more readily. 

ticizers have their many advantages, they a so m ro u 

itations in imparting greater sensitivity to temperature changes, 

which works to advantage when molding at high 

but to disadvantage at low temperatures, w . Further 

problems of odor, taste, and exudation also are present with 

plasticizers. .. x.- 4. 

Plasticizers generally are not effective in ^ 

mosetting resins except in only a temporary m^ner ^PP-*“ 
of thermosetting resins usually are controlled with the aid ^ 
ous fillers These have made possible the development of many 
Lus"X important compounds, and in the chapter to follow 
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pleteW^^ by fillers will be elaborated upon more com- 


Reactions of Phenols with Aldehyd 


es 


hvdJ*!! Pfodocts derived from phenols and alde- 

ea 1 y apparent from the summary in Table II. Of the 
reagents the two most widely used are phenol and formaldehyde 
though the products of all of them are referred to generally as 

Table II 

Phenol- Aldehyde Besins 

Coal tar. benzol, methyl (wood) alcohol, oat hulls 
p. Reagents 

maldehVdT^fumrraldehyde'^Tf°u7fm^^^ modified phenols, for- 


Products 

Low - Molecular - Weight Resins 
(water-soluble) 

Resins 

(partially polymerized) 

Solid, fusible types compounded 

lubSf ' 

Solutions In alcohol 

Resin solutions or powders plus 
separate catalysts ^ 

100 per cent liquid resins plus 

separate catalysts ^ 

sheets, rods, tubes and 
miscellaneous forms 

Molded articles 
^ cellaneous 'forms‘“’’'®' 


Typical Ar>pIicatioiis and Tradc- 

iinmes 

Ollier cellulosic ^structures 

C-Durez". 

nox”')*^ ’ “Resi- 

Laminating compounds 

Adhesives 
Casting resins 

Surface coatings 


Textolite'\ "Insurok", “Allcarta" 
“Synthane*' iviicana 


phenolic plastics. The various stages of re<,inifi. f 

times distinguished by letter svmbnl • some- 

L. Baekeland. These L as follows ’ 

Sage "b’. 

e resms—infusible and insoluble. 

These designations, however, are falling inf ,i- 
because of the difficulty of defining expef I 
and stage “B” commences. ®tage “A” ends 

question when this stage is aff • ®tage “C”, there is no 

ms stage is attained, subject, however, to fur- 
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ther thennoplasticity as explained in the definition of thermosetting 

materials earlier in this chapter. 

The properties which are to be developed in the final prod¬ 
ucts govern the selection of the initial starting reagents. Phenols, 
generally defined as hydroxyl derivatives of aromatic hydrocarbons, 
consist of many types, some of which are highly reactive, others 
of which are relatively sluggish. The more reactive members are 
pure phenol, meta-cresol, 3,5 xylenol, and resorcinol, the last two 
members showing the highest reactivity of all. Ortho and para- 
cresol and a number of xylenols also may be present in the starting 
reagents though these react less rapidly with formaldehyde, tend- 
[nTtf yield resins with poor thermosetting quaiities. However, 
they are significant in that by proper balancing of the slowly reac¬ 
tive materials with the more reactive types, fast and slow curing 
resins may be developed. Fast curing types are desirable for 
small thin-walled molded articles, while slower curing types are 
n” essa^ for thich molded parts requiring long flow, or in the 

laminating of cloth and paper into thick sheets. 

Mixtures of phenol, cresols, and xylenols are known commer¬ 
cially as cresyUc acid. Technical grades of phenol derived from 
coal tar may contain 80-95 per cent phenol, while purer grades 
are derived upon synthesis from benzol. Lighter color resins are 
derived from pure phenol, whereas cresylic acid mixtures will yie d 
dark, brown products. Synthetic phenol is used more widely 

than any other reagent. 

Among the aldehydes, formaldehyde is the most widely use 
and the lowest in cost. It is prepared by the catalytic oxidation 
of methyl alcohol and is available commercially as formalin, a 
per cent solution of formaldehyde (a gas) in water. Polymers 

of formaldehyde, as for example, paraformaldehyde are availab 

as finely divided white powders and are reacted with pheno 

maldehyde condensation products as a catalyst or else reagent 

phenol when it is desired to reduce the quantity of ^ 

Lved from the resin. Furfural is also reacted with phenols to 

form the phenol-furfural plastics, which resemble the 
maldehydes in many respects. In fact both '“^ural and formalde¬ 
hyde may be employed together in reactions wi ^ 

Before outlining the nature of the condensation-polymerization 

reactions of phenols with formaldehyde, a must be m 

those pointe in the phenol molecule which are regarded 
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S (/h '‘’"“‘'“I ““tation for 

£rat S fof «•- benrene 
linHn«- f tu linkages may be established in the inter- 

imkmg of the moleeules during eondensation-polymerization 


OH 



X Phenol 


may be saturalf *’“?** 


OH 



O-Cresol 

^^h^qh.oh 


OH 

A 

M-Cresol 

CHaCeH.OH 


OH 



P-Cresol 

CH3CoH,OH 


With the exception of 3.5 xvlennl fiim ,, i 
less active in resinification due to thP f relatively 

points with methyl ffrouns! a« saturation of reactive 

pound is 2,6 xylenol with only 

notations for these xylenols are as follows; ' 'bemical 


OH 



3,5 Xylenol 



2,6 Xylenol 


•ihe significance of the vv • r. 

cule assumes importance when 1 IT , T ““'o- 

tenals which will resinify most readily *be ma- 

y most readily are meta-cresol, phenol and 
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3,5 xylenol. On the other hand, reactions between ortho-cresol 
and formaldehyde proceed slowly in the formation of heat-harden- 
able resins. Resins prepared with a high proportion of ortho- 

cresol will have poor molding qualities. 

Commercial processes for preparing phenol-aldehydic resins 

are described as 1-stage wet processes or 2-stage wet processes. 

Their outstanding features are described in the following para- 

r3,plis! 

1-stage Wet Process: In the 1-stage wet process, equi- 
molecular proportions of phenols and formaldehyde (or slight ex¬ 
cess of aldehyde) are heated in the presence of an alkaline cat¬ 
alyst as NaOH. The formation of phenol alcohols takes place 
rapidly, whereby the formaldehyde molecules attach themselves 
at ortho or para positions with respect to the hydroxyl group. At¬ 
tachment of aldehydes to more than one reactive point on the 
phenol molecule is possible, and dialcohols as well as a trialcohol 
may be formed. A typical reaction follows: 



+ HjCO - 



CHfiH 


Phenol Formaldehyde ' O-Hydroxy-Benzyl Alcohol 

Though the reaction may be stopped at this point to yield 
a high proportion of phenol alcohols, commercial processes per¬ 
mit the reactions to continue which take place relatively slowly 
after the formation of the alcohols. Resinification proceeds as 
phenol alcohols condense with one another or vnth free p eno 
molecules. Two phenol alcohols will condense with one another 

to eliminate water and form diphenylomethanc. 


HO-CoH^-CHaOH 

+ 

ho-c„h,-ch,oh 




- CHaOH + 

H,0 


It should bo noted that the CH,OH group on the 

molecule is underlined, to signify that ‘’'If‘ 
cule is capable of further condensation with an H-atom of a 
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3»CtiV6 point of th© b©ri 7 PnA T'i'Mrr -tr* 1^* 

another intermolecular linkage teadtog to tTT 

™'r• “■<» s 

acid mixturesT 

—e reactive pointo. Ta'lrh r thJ 

resinify^api^fy ^care lust^ k ^ tendency to 

action. -uaV:.ar^l,^,:ri;Vr“i;^^^ 

r.trtor,i" ^ 

polymerization reactions is preferably remwtd mder'^vL^uum 

n 7 cr„eTo:t «>- -‘- t: 

«p o/rr ifirar i^r Atr ~r- 

r: 7 r 7 ~- 

into open trays to cool and harden It i, tn*'n’ 

for further compounding. In this fol 7i7r ll* ? 

til the actual molding. P‘>iymerization does not occur un- 

2-Stage Wet Process; Under tbo infl„ z? 
catalyst and an excess of ni, i of a mineral acid 

product first is obtained This formaldehyde, a fusible 

renin. The addit of- -“^d a Novolak 


The addition Of further formlld™^' a lifer' 7°“ 
phenol alcohols is not well ^ItaefIs 'fthr/f 

much as reactions between monoflcohl Ld 

■^iy .0 the formation of a novolak resin. Inalfu^rtfer^s' 
OH 

A 


+ CH..0 



OH 

CH.,OH + ^ /\ . 


V 


CH„ - 


\y 


iNWolak 



reaction hettlef de'hytoti7m7be'’care7 *’7“=“'":®'y *■> the 

peratures before the resin is poured. Aldehydk caflysjfucf 
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hexa are added to the resin after further compounding to convert 
it to a heat-hardenable form. 

Hexa (hexamethylenetetramine) is a well known catalyst, pre¬ 
pared by the action of ammonia on formaldehyde. On heating it 
forms ammonia and makes available methylene linkages for hridg- 





< - 


Reactions of Phenol with Formoldehyde 


Slight excess of phenol 
and minerolspocid 
catalyst (2 ^oge process) 

1 

Water soluble stoge 


Seporotion of resin from 
L water 

Dehydration 
Cool resin and grino 

I 

Fusible phenolic resins 
plus aldehydes plus 
bosic cotolysts plus 
fillers and hot blend 
on rolls 

I 

Stage A resin-molding 
compounds 


Slight excess of oldehyde 
basic catalyst (I stage 
process) 

Water soluble stage 
(impregnants for wood 
and paper pulp) 

I 

Separation from woter 

1 

Stage A resin plus 
olcohol 

i . . 

Varnish for lomihating 
cloths and popers 


Large excess of aldehyde 
strong bosic catolyst 


Removal of excess water 


Long heating 


to 


Add organic 
neutralize olkoli plus 
glycerol 

Liquid casting resins 


Fin. J-Tvoical reactions of phenols with aldehydes 


ng the phenolic molecules and estabUshing 

.tLture The amount of hexa added is sufficient to ^ve a molar 
excess of formaldehyde over phenol in the final product. 

The fully polymerzied phenoUc resin possesses a 
structure characteristic of a thermosetting material. Int 
cular linkages are established through 

reactions, involving alternate groupings of phene “ ^ 

radicals. Further, the phenols with three reactive p ^ 
capable of forming primary bonds, cross-hnking ° ^ 

though the methylene groups (derived from . 

small portion of the complex phenol-formaldehyde po ym 

shown herewith: 
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Phous compor„d7T"' -”»>-- 

Lee rcLtaUinlt? 7 P»“‘. "o -vi- 

how soluble smairoLm conceivable 

the furpo"ed Even in 

tides, Lre isLrdenceL siw th'^ - 

some time, though at a much reduced Lte”*T?*‘“" 

after-shrinkage of the product in service and thro 

reduction of acetone extraction content. ^ ^ gradual 

Preparation of PhenoUc Molding Compounds* Ph r 

Pigments and lubricants with together various fillers, 

lowed at the l'stresins, fol- 

for numerous reasons. Thev not onlv Fillers are added 

age in the molded parts hnt ff ^ amount of shrink- 

sach as impact strength or 7eet mechanical properties 

loss factor. Color selection for th Properties such as lower 
ited, as the lighter shnH h ^ Phenolics generally is lim- 

''•111 fade. While transp^re^'^^mlrcl'^lypr"^,^^ 

PassarJtLT 

-o- n.icic f„ neieuse hr ‘;:LTrhrm:^, r rir 
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Metallic soaps, carnauba wax, and graphite are commonly em¬ 
ployed as lubricants for plastic materials. 

A typical composition for a phenolic molding compound is 

tabulated in Table HI. The proportions shown may be varied con¬ 
siderably .Impending on the uses and characteristics required of 
the finishSftproducts. There are, for example, clear amber col¬ 
ored phenolics containing no filler, and others with a high-density 
filler such as asbestos, where only 30 per cent resin may be pres¬ 
ent (by weight). Plasticizers may be added to improve flow dur¬ 
ing molding, a quality particularly desirous in transfer molding. 
Chlorinated diphenyls and cardanol (a phenolic constituent in 
cashew nut shell liquid) are among those which have been used. 


Table HE 

Composition of a Typical PhenoUc Molding Compound 

Binder (including hardening agents) . unto 5 % 

Coloring matter . •••‘■'.Spto 1% 

Lubricants ...*..40 to 45% 

Fillers (cellulosic) • .. ^ up 5^ 

Plasticizers (in special cases) .... 


fi 


In blending together the various ingredients two methods 
may be followed: Wet blending and dry blending. As the resin 
reaches the desired degree of polymerization in the kettle, an ^ 
upon removal of substantially all of the water, it is flowed out of 
the kettle and allowed to solidify outside. Before blending 
other ingredients it is broken up into lumps, convement to hand e. 
While a thorough penetration of the resin into the filler is o 
tained by blending in the presence of a solvent (wet blen g), 
there is added the difficulty of adequately removing and recovenng 
the solvent. Furthermore, better impact strength may be rea ^e 
when the resin is adsorbed on the surface of the filler ra er 

than into its structure. k 

Dry blending, illustrated in the flow chart in Ftg. 5, is pre¬ 
ferred for heat-reactive molding compositions. gre J en s 
fl" t mixed together at room temperature in a ball " Ea¬ 
rner mill. Thia not only grinds them down to a ““ 

mix of the varied materials, reducing the time reqmred in fi^er 
hot blending operations. Catalysts such as 

of the resin through the fillers and, at the same bme, mcreases 











types, characteristics and preparation 


47 


the bulk density of the compound. The stage of cure of the resin 

, . uuinig not blending, which must be short 

enough to prevent premature hardening of the resin. 

* 


Row moteriols, phenol 

ond formoldehvde 

Reoction kettles 
300 to lOOqoQi 


Alcohol 


Deposit into 
troys 


Vomishes for 

lominotii plastic 


Breaks with sledoe 
hammers ’ 

__ . _ I 


Crusher 


Hammer 

mill 


Vibrating mesh screei 


Compounding 
department 


Hexo pigments 
lubriconts 




Blenders or boll 
niill mixers 



Banbury mixers 
or 

blending rolls 


Grind, crush into pow 
oers or gronules 


Molding 
owders 


Fig. 5-Flow chart for hot blending resins 


“to differ. 

rolls consist of ^ rotate at slightly different speeds. These 

ward a ■ " “ ^ 

Persion of all ingredients, fhe 
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the rolls by doctor blades and thrown back for thorough remixing 
and rubbing of particles. In some plants this operation is fully 
automatic, as the time element is quite important. Hot blending 
is also performed in internal mixers of the Banbury type, as il¬ 
lustrated later in this chapter. After hot blending the batches 
are ground and screened to the desired size. Many batches are 
blended together to insure uniformity of product as sold to molders. 

Preparation of PhenoUc Laminating Varnishes: Phenol or 
cresol resins for laminating generally are prepared by a one-stage 
process in the presence of an alkaline catalyst such as ammonium 
hydroxide and a slight molar excess of formaldehyde. After sub¬ 
stantially all of the formaldehyde has reacted and after the aque¬ 
ous layer of water has been removed, the resin is cut by a suit¬ 
able solvent such as alcohol or a mixture of 9 parts of alcohol 
to 1 part of toluene. Approximately 50 per cent solids are present 
in the final varnish, which is used for treating cloths, papers, and 

various sheet products- 

Preparation of Phenolic Casting Resins: Liquid casting resins 
generally are of a lighter color, and greater care is exercised 
in utilizing pure materials which will not discolor the final prod¬ 
uct. A large molar excess of formaldehyde-to-phenol (about 2.5 
to 1) is reacted under strongly alkaline conditions. After a suit¬ 
able reaction period, the resin is made slightly acid by adjustment 
with lactic acid. This is followed by dehydration and the further 
addition of pure glycerine. These liquid resins are poured an 
cured immediately in a high-temperature oven after the ^elusion 
of suitable glycerol-soluble dyes. Other varieties are stabilized to 
prolong their shelf life and, before use, are mixed with catalysts 


and fillers. 

Preparation of Oil-Solnble Phenolic Resins: Oil-soluble phe¬ 
nolic resins are employed largely in the manufacture 
coatings. Natural resins, rosin In particular, confer upon e p 
nolics the property of combining with drying oils such as tung, 
perilla, linseed, or deh.vdrated castor oil, with which they are 
otherwise immiscible. Special 100 per cent substituted phcnol.es 
such as para-phenyl phenol or p-tert.-amyl phenol, are capa e 
reacting with formaldehyde to form resins which “h s°'“'='® ' 
drying oils without further modification. Films formed from these 
resins generally are baked, dr.ving by processes of oxidation an 

pol y m ori zation • 
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Special Types of Phenolic Resins 

A few special t>pes of phenolic resins are herewith reviewed 

hm r.- 

fonnlJ'wtrrrr' ^-ins are 

pos ons, laminating varnishes, and adhesives from thefe ma 

.,1 ^ Highly active wetting agent mnkinp* 

in the "an'ufwtu're If'^’gn^din^^^^^ 

.alor mannfactnrL oftht^lra^rre:-!^^ 

'var?rgh:rrrr"''“^ --- 

retiuirod less of th '■i^ ‘mporUnt molding compositions which 

convendo 7, -pe^ oTol -ins than the 

a good deal o LZ o fuTfl,,'""' 

Among other nrominw' . ^ ""P°«ant applications. 

in laminating varnT h ^ “n7or"a7 

of pine-tree residuum. ' «''®““"0-‘nsolublc fraction 

Phenolic Resin—Lignin Fnrirlip<i' rriaea 
ful lifrnin i^- ''.nnoiied. The majority of the use- 

/rir-'ho" - «r 

ffood flow during molding \ aPPearance, 

pc dent upon the presence of the phenolic resin hinder 

A num'^r orthe'T^er“‘“'“"‘o «“'‘i«: 

'•egetablc Products are de^ntorn'T''""! T'”’"'" 

~ t”c^ Phe„oi-fotma,dch.vde rosin. In so^sl: flZm 
However i sjmthetic resin required 

-th^xro^ns^rr“ - 

R<>orcinol-fonnaldehyde: sStill a 

phenolic plastics nicturo th u ^ newcomer to the 

piasucs picture, though a ver>- important one .•« 
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The structure of resorcinol is shown herewith: 


OH 

/\ 



Resorcinol 

OH 


It has been known for a long time that resorcinol has excellent 
resin forming properties, though commercial interest was curtailed 
because of its “ry high price. Since 1941, however, the price of 
technical resorcinol was lowered to 58 cents per pound (phenol 
costs 9-10 cents per pound) and a number of specialty adhesives 
made their appearance. These are prepared with a molar excess 
of resorcinol over formaldehyde, though the deficiency is made up 
at the time of application, when paraformaldehyde is added. These 
adhesives feature low-temperature setting, and cure under mildly 

alkaline conditions (pH 7.0 to 7.5). 

PhenoUc Resins-Synthetic Rubbers: Within recent years con¬ 
siderable research has been in progress on combinations of cer¬ 
tain of the phenolic resins with synthetic rubbers. Some of the 
combinations have found important outlets as rubber and metal 
adhesives, while others show promise in the field of molding ma¬ 
terials. In particular, butadiene-acrylonitrile synthetic rubbers 

(for example, “Hycar-OR”) and phenolics have been united to de¬ 
velop molded parts of very high impact strength. The chemical 
nature of this association is not fully understood, though there is 
some evidence that a partial phenolic resin polymer may serve 
as a vulcanizing agent. When the rubber is the major component, 
the phenolic resin additions increase stiffness and tensile strength. 

Urea and Melamine Formaldehyde Resins 

Urea and melamine formaldehyde plastics constitute the other 
major group of moldable thermosetting plastics. While higher in 
price than the phenolics, they nevertheless possess outstanding 
advantages in color selection and desirable electrical properties. 

Urea and melamine or combinations of both, and sometimes o 
a lesser degree, thiourea, are reacted with formaldehyde to form 
a number of useful resins. The structure of each of these thre 
materials is shown herewith, each in appearance being a w i e 
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water soluble crystalline material: 


NHo 

1 

NH., 

1 

C = 0 

1 

c = s 

1 

NHo 

1 

NH, 

Urea 

Thiourea 


/ \ 

HjN— c C—NH., 

I II ■ 

N N 

NH. 

Melamine 

In determining the reactive points upon these reae-ent<; th^ h.- 
drogen atoms of the NH, groups generally are consitred’capable 

W.cal condensation-polymerization reaction. The ToZTot thl 

Of reaction. Under mildly alhahn^^STpTr'r: 


Urea and Melamine Formaldehyde Resins 

Raw Materials 

Ammonia, carbon dioxide, wood alcohol 

,, Reagents 

Urea crystals, melamine, formaldehyde 

Typical Applications and Trade 

Names 


Products 

Medium-Molecular-Weiqht Resins 

(heat-convertible types) 

^“wft'h ^“f**,*® types compounded 

P'sments, lubrl- 

S’-cel,rse) 

Water-soluble powders. 

"" biw flc™ 

^ca1alys?s““°"® 

I 

High - Molecular - Weight Resins 
(polymerized materials) 

laminated sheets 
Molded articles ^ 


compounds (• ‘Piaskon’'. 
Beetle , ‘Melmac”) 

Laminating varnishes 
Surface coatings 

li^pregnants ("Ufor- 

mite , ‘Weldwood'*, “Melurac" 
Resloom") -aieiurac , 


WWch‘one tweviT^^'d<^^‘»ylolurea is favored. 
Dimethyloiurea fD M P^oPo^ion of formaldehyde, 

compound which is sold ^ recognized as a white crystalline 

lining in a^eousrecommended for com- 

Products. After a suitable ne • treating wood 

a suitable period of impregnation and diffusion, 
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the resin may be cured with heat and improve the appearance, 

hardness, and water resistance of the wood. 

The reaction between urea and formaldehyde may be depicted 

in the following manner; 


NH* 


HN.CH2OH 


CO + CH, 
I 

NH, 



OR 



NH, 

Monomethylolurea 


HN—CHjOH 

io 

HN—CHjOH 
Dimethylolurea 


When conducted under mildly acidic conditions (pH 5.0 to 6.0) 
as it is done^n some commercial processes, low temperatures are 
necessar 3 ^ 4 p^avoid too rapid an approach to the infusible, in- 
solu'^fe stage. Under the conditions of mild acid catalysts, the 
formation of dimethyleneureas is favored, proceeding to the more 
advanced stage of polymerization. The final, infusible, insoluble 
stage “C” form of urea-formaldehyde resin is open to some ques¬ 
tion, though latest evidence points to a methylene bis-amide (CO- 
NH-CH 2 -NH-CO) linkage between cyclic trimethylenetriamine com¬ 
pounds. The urea is surmised to react as an amino acid amide. 

Urea formaldehyde polymers are less stable to heat and water 

than phenolics, though with the advent of melamine-formaldehyde 
resins, a considerable improvement was effected. While a sohd 
block of urea-formaldehyde resin may be prepared it will be found 
to shrink and check very badly unless the proper fillers have been 
added. Nevertheless it is well known that the after or senuce 
shrinkage of urea resins is appreciably greater than that of t e 
phenolics. Alternate exposures of high and low hunudities wi 
tend to play havoc with urea resin moldings, though this has been 
corrected to a large measure by the more water-resistant melamine 

Preparation of Urea Resin Molding Compounds: An infinite 
variety of color possibilities feature the urea and melamine forma - 
dehyde molding compounds. Light, translucent pastel shades are 
available in various colors to any degree of opacity. As may e 
expected considerable care is exercised in the manufacture an^ 
the application of molding powders to avoid contamma 
dirt or dust, which may mar an otherwise attractive piece. Monel 
metal, nickel-clad or chromium-plated kettles and processing eqmp- 
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jneBts arc naceasary. I„ the selection of fillers, pure alpha-cellu- 
ose sheets are specified, inasmuch as when they are impregnated 
and cured, they permit a high degree of translucencv. 

In the manufacture of the resin, generally a molar excess of 

fomaldehyde to urea is practiced (1,5 to 1.8 mols to 1). After 

ini reaction, which may be for several hours at about 30 C the 

MritieT “d 

un tte res “^^ntial to avoid setting. 

Z A Z The shredded alpha cellulose mav be 

befreTir” “ "Tt mixing operation.'and 

adde^ ibii commences. From 30-40 per cent alpha cellulose is 
aaaed (based on total weight). 

mil the material emerges from the oven looking 

ra:„eJ:;,r,rarf “•> 

6 outlines one tmica^ commlr**™^^*"'^' 

<.eh.vde condensatfand fi“nl'’;rn7„p b^rn'r'’ 

~'tt fi^ pro7z rthrn:::'- 

- r1:= 

'.V for moidirrts’rd Tot "r r. 

r " hrd'ii„Tdu7n:r ^ 

V .nnding ^n/.r^g'trtThet^^ “ 

- c :ir st: rr:Lrrw^,j:; 7- — 

"ll7r.o“„g‘fu“pf. --een'L:^ a"; 

m.t the attainment of compound shapes ^ f ^ P"*" 
and economical molding of a wide assortm f satisfactory 

s«Pns. the materials manufacturers are nif ^^fi^meering de- 

>ng compositions ^,nth various degrees 

are suited to fast curing cvcles for butt ^ types 

knot.. While soft types are suited to large and small 

ai^ special mineral-filled grade's which felturrhigrt^”^"’ 

••s stance and good dielectrical properties Onl 
-lammc molded ignition distributor housi„gs7.n7 ZlZ 
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sufficient arc resistance to satisfy the requirements of high-alti¬ 
tude aircraft. 

Most urea and melamine compounds are prepared with small 
amounts of latent catalysts which are activated by heat or mois¬ 
ture. It is essential that the molding materials be stored in a dry 
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IN 
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DYES AND 
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6—F/ov/ chart for preparation of urea molding compounds 


and cool place by the molder if they are to be kept for any length 
of time. A drum of material should not be left open any longer 
than necessary and should not be exposed promiscuously to the 
atmosphere. Failure to observe care in handling and storage will 
result in deterioration and loss of good molding characteristics. 

Preparation of Urea and Melamine Resin Adhesives: Urea and 
melamine resin adhesives have been particularly adaptable to the 
























































types, characteristics and preparation 


55 


ZTZlyTj r;r “ “ 

rasiataace than their protXX^”" better water 

vegetable adhesives. among the proteins, animal, or 

oua «iroXf “““ A,ue. 

Widely adapted tr heXCr„rX:r"^' 

ficient to give it a mL t . " aaf- 

neas or abaorbing qualities.^ InXd "’1“''°“^ «<>f‘- 

ant fabrica and in the tranaformaf °P“'"‘ crease-resist- 

quality, ^proved materialsThearrT'; 

able both as impregnanta and eoatinX 

Preparation of Urea and Melamine R#a«in r 
Of urea or «clamine.formaldehydrr"LrXld fT'' 
verely in the course of tiry,« ^ se- 

nonporous surfaces. A momorfaZ^Tth^T '"’"r 

velo^^however, whieh ia playing arouUUndingToleTn re"ht 

Of baked enamels. In Dartimit.,. *1, ^ «-*fiaing role in the field 
dehyde-butyl alcohol resin ha ® Formation of a urea-formal- 
combinations with alkyds This^^^'"^ invaluable, particularly in 

-lamine-tonnaldehyXyl 

gloss and color. ^ temperatures without much loss of 

Alkyd Resins 


found in 

ng lndustr^^ As was noted in the first chapter. 


•h'yXTwire'oh f''' 

auie t P'-odoced. 


In their ap- 


ij-i <1 niodificd 

<^mpatibiUty with various drvine oil., Promote 

HTiile alkyd (coined from alkvl and -hi 

^'■eloped for a number of years X .h 

^ave appeared largely in surfnoA °iajor applications 

reuree of new materials, which X wen h"'^ '‘'P^““‘ » Potent 
■0 other fields. The reactiorof , * '"Pf”"' ioAuence 

"P”'’ forewith in formatiorof an Xr! 
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Table V 

Alkyd Resins 

Raw Materials 

j oaoe ofhvl Coal tar (naphthalene), benzene. 

Reagents 

Phthallc acid, maleic acid, rosin 
(abletic acid), fatty acids 

Typical Applications and Trade 

Names 


Glycerol, pentaerythritol, glycols 


Products 

Medium-Molecular-Weight Resins 
Oleoresinous varnishes (blended 
with various oils)—^heat con¬ 
vertible 

Resin solutions 

BLiGH - Molecular - Weight Resins 
( polymerized materials) 

Certain synthetic rubber-like ma¬ 
terials 


Surface coatings (“Glyptai”. 
‘ ‘ Beckacite’ ’, “ Rezyl’ ’) 

Adhesives and coatings 


“Paracon"’ 


phthalic-acid monoglyceride, a typical reaction product of poly 
basic acid and a polyhydric alcohol: 


O 



c 

c 


o + 


o 


CHpH 

CH^OH 

1 

CHOH 

-?• CHOH 

1 

1 

CHgOH 

1 

CH,0-C0-CeH4-C00H 

Glycerol 

Phthalic-Acid Monoglyceride 


Phthalic Anhydride 

in visualising the growth of the polymer 

condensation-polymerization _ of glycerol re- 

Uon of water as a :o"“rrea:Uv?hydroxyl 

acts with a carhoxyhe group of an^ ^^^y^^de indi¬ 
groups on ‘"e Slycerol paction. While cross-linking 

cate the possible points for lu thermosetting struc- 

may take place with producUon is directed toward 

ture and irreversible gel, dommercial p , jo which is 

producing a long-chain ^ Joh as Unoleic acid 

chemically combined an unsaturated fatty acid sucn 

which is also capable opened with maleic anhy- 

dride, which is capable of chemically combining with certain 
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JS. ■ iT "“"trials to lorm what are called •'adducts". 

letTte-o^ f ,u' ‘f alcohols to form 

"““""ally important reagents 

T 0-"opentadiene with maleic an- 

dri! r 1 , r “ «as the sole polyhy- 

resins“ Though ^p^m°n-rm^“‘'d 

fmrv, » .J w and pol>T)entaerythritol, prepared 

in im^rtanc^ 

ZVZZ r “ "'ant years to produce rub- 

ter like elMtomers from the alkyd resins through the reacUon of 

ZZ ‘ ot oft" "“f' ““ “'“■ ‘ha '"'-.v-i™ 

these is illustrated herewith ("Paracon"): 


o 


Hn 


O 

i 

• CH,» — ct OH 


s;- 


< baric Acid 


O 


C- 


H H 

- HO — c ~ C — OH^ 

H H 

Kthyleno Glycol 
O 

H H 

( CHe) — c — O — C- C- 

* H H 

C^lycol Sebacatc 


O 



TJon-drjing oils. or^tH fluy IddT 

comprise the fo^ulaUon Of tous I to 

aomposiUons are evaluated more f h","’*”"- 

««tmp.s'. As molding materials, the utiliaatit 
« limited, largely because the time reouirJ! “ ^ 

ngid, infusible, insoluble state is much C “ ht't “ "f''''’ 
phenolic or urea matpriai. a . u- ^ ^ equivalent 

however, in the manufacture of sht-u IZmi'Z Z" 
tansivel, by electrical appliance manufacture^ 

Pol .1 esters: Related chemically to the alkvH r • 

Poly«teni or unimiurated alkvds hare made tt 
m the paat few veara The r r~i e ° appearance with- 

- ctinp or laminaung rci^tuffotlhet" 

^oile., low pr.e>.,ure laminates, so widelv e T 

doction of large contoured sections a. in “ the pro- 

eenistructural parts. These liquid or paste lik'^h 

•f activated by eatalisu. such L laura 1 

- benzoyl peroxide, 


i r.s 




58 


PLASTICS IN ENGINEERING 


or t-butyl hydroperoxide and cured with heat and low jirissurcP 
upon relatively low cost tools, as compared to the high-pressure 

molding operations. . . , * 4 .^ j 

Polyester resins are prepared on one hand with unsaturated 

or saturated polycarboxylic acids, unsaturated monocarboxyhc acid, 
^r their chlorinated derivatives, and on the other hand with un¬ 
saturated alcohols or hydroxy substituted acids. Prominent 
among the unsaturated alcohols is allyl alcohol, while among the 
acids, diglvcollic acid, maleic anhydride, or phthalic acid are repre¬ 
sentative. * Hard, brittle, infusible, insoluble pol.Noners are formed, 
and to render them more tough and less brittle, sometimes a ther¬ 
moplastic partial pol>Tner of styrene or vinyl acetate are included. 
These comprise the commercial polyester resins. To the en^eer 
they also have added significance as sources of heat-resistan 

transparent glasses. 


Polyvinyl Resins 

Before attempUng to describe the characteristics and u®*® 
pol>ninyl resins, it is desirable to present graphicaUy some ^tte 
Lny types of poiyvinyl resins ^d their inter-relaUonships. These 

are described more fully in Fig. <. . . 1 . « 1 j 

The vinyl grouping has become well known m the held of 

sj-nthetic resins, as a number of useful matenata I*®''' 
veloped from this structure. The general mechanism of the cham- 

---Ksa in the following manner: 


H 

C 

R 


(Liquid or gas ) 


H H H H H 

R H R H R . H 
Polyvinyl polymer (solid) 


The monomers of the ^^nyl resin groupings also lend ^ 

selves to copoh-merisation with other vinyls as 

monomers. St>-rene, for example, also may be “ 

«Toii as methacrvlic acid esters to achieve a wi e v 

vinyls are polymerized in solution, wi 

Close control is exercised over the 


properties. Many* of the 
the aid of heat and catalysts. 


polymerization, as the average moiecuiar a lu'rt de- 

L’ermines the physical and chemical charactenshes. A short de- 
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scription of each of the more important polyvinyl rosins follows: 

Vinyl Acetate: Clear vinyl acetate, a thin liquid boiling at 
73 C, is an impoj’tant constituent in the manufacture of aldehyde 
modified polyvinyl alcohols. As a polymer it is available in dif¬ 
ferent degrees of molecular weight and softening points. It gen¬ 
erally is sold as a solution adhesive for miscellaneous uses, though 
interest has been displayed in a high-solids-content (55 per cent) 
emulsion which has much lower viscosity than solutions of lower 
solids contents. As an adhesive, highest strengths are realized in 
hot melt applications. The polyvinyl acetate is readily compatible 
with numerous chemicals and modifiers. 


ViNY'L Chloride: A gas in monomer form, vinyl chloride may 
be polymerized in solution to a number of chemically resistant 
compositions. Its major uses are in the manufacture of numerous 
copolymers. Polywinyl chloride is quite resistant to solvents and 
strong acids or alkalies. In a pure state it has a high melting 
point, though when properly compounded with appropriate plas¬ 
ticizers it may be reduced to a useful rubber-like consistency, re¬ 
sistant to greases and oils and stable to oxidation effects which 
embrittle rubber. Rubber-like formulation of polywinyl chloride 
and polyndnyl chloride-acetate copolymers have found extensive 
use on shipboard and aircraft as electrical insulation and non-rigid 


members or coatings. 

Polywinyl chloride and its copolymers, including acrylomtnle 
and polywdnylidene chloride, are widely employed now as tMn 
transparent packaging foils, extruded tubings of all sizes, t^ e 
and paper coatings, and electrical insulation. New and significant 
applications are developing quite rapidly for this group of versatile 
plastics. In the field of plaster patterns and casts, the pattern 
shops are gradually changing from glue to rubber-like molds of 
plasticized pohninyl resins. Further developments such as G^n 
Polyblend” where combinations with synthetic rubbers are e ec , 

will increase the scope of these materials. 

The paste-like resins prepared from polywinyl chloride co- 
poKmiers have attracted much attention. Chemically they are a 
suspension of 50-60 per cent finely powdered resin in a 
This paste-like fiuid is quite stable until it is heated to a hig 
temperature (usually in the ^icinity of 300 F.), at w c po 
it converts to a rubber-Uke gel. Interest focuses on castings and 
coatings of the rtnyl paste resins, as well as foamed structures. 
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Vinvl M™/'' : The copolymerfaaUon of poly¬ 

vinyl chlonde-acetate generally is carried out in a soluUon of ace¬ 
tone and the copolymer precipitated with water after the reaction 

is wZed appears as a fine powder, which then 

of the nolw '''^Tcompounding. The properties 
of the polyvinyl copolymer as a function of molecular weight and 

propo ion of ingredients are expressed in the following table 

Chemists-Jan! 


Per Cent 
Vinyl Chloride 

65—70 

86—87 

86—87 

85—88 
88—90 


Properties of Polyvinyl Chloride-Acetate 


Molecular Weight 

4000— 6000 

8500— 9500 
9500—10500 

12000—13000 
15000—16000 


Applications 

Coatings—compatible with ni¬ 
trocellulose 

Tough films, good solubility 
Paper coatings, floor tile, pho¬ 
nograph records 
Molding compositions 
Sheet stock—tough 


the SLT'chl' ““Po-ent, 

in dissolving the materilr^NuT 

LnTZ PPPdtcing blends of plasticizers, pig- 

metals, or chr^^tL\rt'd ”*'1* corrosion-resisting nonferrous 

ride , u PWo- 

steel or zinc, and in molding or extmdino- fi, ^ contact with 

polymers, speeial heating of plasUcSng chfmb “• 

Low-temperature flexibility is a hiuhlv s * desirable. 

rubber-like varieties nnd 4 - ^ ^ ^ desirable quality in the 
as dioctyl or trinnfvi r. 1 ,,^ u j. plasticizers such 

21. page 119, July, 19?4) h^avfUfc 

nde-acetate generally is compounded ^1^1^- 

lead, cadmium, or alkaline earth soaps. agents of 

alcohol is outstandtag,°mawf| possTbk nfmlST"'* Polyvinyl 

The solubility is dependent upon tL df gree to wh“n Z 
acetate was hydrolyzed to polyvinyl aicSol T ‘’“'^‘"5'' 

extruded tubings and sheets are J»i] u ' ^ '“““eroial forms 

hcised with a substantial amount of glyceftae^Mr"^'^ 

g'ycenne and a small amount 
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of fonnamide. There are commercial grades of polyvinyl al¬ 
cohol which will dissolve in water. In the design of special valves, 
0-rings of polyvinyl alcohol have proved invaluable in resistance 

to aromatic fuels used on aircraft. 

t 

Aldehyde Modified Polyvinyl Alcohol Resins: Compris¬ 
ing an entire family of resins by themselves, the aldehyde modi¬ 
fied pol 3 winyl alcohols have featured toughness and rubber-like 
qualities when properly plasticized. In developing the properties 
of the final polymers, there are three components to consider: 
Polyvinyl acetate, pol 5 winyl alcohol and the aldehyde modified 
resin. By properly balancing one component against another a 
wide degree of solubility or hardness may be attained. In addi¬ 
tion, thermosetting qualities may be imparted through chemical 
combination with phenol-formaldehyde partially polymerized resins, 
which like most polyvinyl acetals are soluble in alcohol. 

As a tough rubber-like film, plasticized polyvinyl butyral has 
found extensive application in the manufacture of automobile 
safety glass, though at the start of the Second World War this 
market disappeared and was superseded by coatings on textiles 
to improve water resistance. W^hen high altitude bombers required 
more shock-resistant transparent enclosures than were available 
from acrylics alone, laminates were prepared using polymethyl 
methacrylate faces and polyvinyl butyral interlayers measuring 
3/16-inch in thickness. Tough, abrasion-resistant magnet-wire 
coatings of polyvinyl formal now are extensively employed. A knot 
may be tied in a small gage wire without cracking the insulation. 
A nrkTieiHArflVilo Tirnduction is now in progress employing polyvinyl 


acetals in nonmetallic hammer heads. 

POLYVINYLIDENE CHLORIDE : Copolymers employing polyvinyli- 
dene chloride as a major component, such as Saran, exhibit ex¬ 
cellent chemical resistance, and hence find important applications 
on chemical processing equipment. Because its high chemical re¬ 
sistance precludes the use of solvents (there are no known ef¬ 
fective solvents for Saran), coatings are applied from a latex dis¬ 
persion. Films of this resin offer high resistance to water and 
vapor permeation. The protection of machine parts by Saran 

film v/as carried out during the war. 

Molded and extruded parts of polyvinylidene chloride exhibit 

a marked degree of crystallinity. Cold stretching of filaments 

will develop tensile strengths of 50,000 psi. To develop high- 
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,E::rr. r — 

Woven screens of poly- 


cur rapidly. 

^ *' •—Axinj UIGS S, 

flexible, amorphous pieces are obtained. Woven screens nf n i 
are well known. ^ ^ sections for upholstery material 


Acrylic Resins 

well 

methyl ^ethae^late Taa 

ing clarity and good wpafH • ^ *‘®‘^ognized for its outstand- 

tire production went largeirinTtl™'^' 

enclosures for aircraft thm ii ^ manufacture of transparent 

~na „achln:rderS 


Acryuc Resins 
"“■•o®™ (mr) and alcohola 

Ptarlc acid! acetae alcohols, sul 

Tradenames—"Luctt?md^'FleMglM”'^ "’“’“'‘"S eompounds 

tives!"ethyler^7i,7rs^^^ m deriva- 

lene chlorhydrin. This is condenM°d mTh sod“"* *“ 

highly useful resin which copolymerizesTittT'e ® 

esteriflcation in the presence of ®‘ ^^bydration and 

'aads to the formation of an aciylic este7 ' 

CH OH c‘^‘^”’°“‘^”=™+NacI 

Acrylic Ester 

aohol, the acrylic ester is methZci^latV^^thrfo^^^^^ 


al- 


CH, — CH — COO 


CH. 
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Esters of methacrylic acid may be prepared by reacting ace 
tone cyanohydrin with an acid and the desired alcohol: 


CH 3 —COH—CH 3 

6n 

Acetone 

Cyanohydrin 


+R—OH+H 3 S 04 “^CH 2 


C—COOR+NHiHSO* 
CH, 


Methacrylic 

Ester 


When R in the above equation is CH3, as in methyl alcohol, 
the methacrylic acid ester is methyl methacrylate; 


CH 


CH 

C 


CH 


CH3 

C 



CH 


CH, 




O 


O —CH 


O 


c =0 


CH3 

C — 

u 


o — CH, o — 

Rolymethyl Methacrylate 


O 


O —CH, 


In a similar manner, higher homolgues may be 
other interesting member is butyl methacrylate, of ; 

ing point in the polymeric form, and proposed as a hot melt c 
mg point in ^ P r a„a 

metLTrylic acid esters may be copolymeriaed to achieve a vdde 
diversification of pruperUes "ch of the 

r«"h“ e arrb^enTerreU as hard, tr.s 
parent Lterials. Ethyl acrylate has also been present in s^e 

impositions. In general, the polymethacrylates ^ee tt 

the corresponding polyacrylates though ‘^e greater the le g 
the substituent forming the side chain, the softer the m 

and lower the tensile strength. . ,, narsv- 

• fnn nf methacrylate esters is a highly exothe 
The polymerization of metnac y calories per 

mic one, the heat of reaction being PPP^^'™ . . _.gpect to rate 

Under carefully controlled conditions -th re pect o 


gram, 


polymerizatio 


of reaction, a airecc me f 4-,iV,r»«5 and bars. The 

late may be carried ^portant for methacrylate 

temperature of polymerization is J ^ ^Ud mass of 

eaters and. whe^n In fact, when casting 

liquid monomers into sohd i ^ ^ formation of 

it is sometimes preferred to cast in layers to 
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mold, ^u, the ‘'-* 

•lowly „„ved up over a period Of se"vL“ld!.yl 

Of mate^nrrCdrr^' f^™™" r"!®,""'”"* “““ 

compositions, a more satisfa^ ^ ** blending into molding 

polymerization is preferred for n^n emulsion 

«er. An aqueous emltn of 

in conjuncUon uith a dispersing agentTnd Prepared which, 

the polymer in powdered fZ X eon, T"" 

of addition of monomer and nth r ‘^"^Perature, rate 

may be controlled. actors, the size of the polymer 

composiUons may^ XcLpUsh^' ^n ^ a' "molding 

well us caUlysts such as benzovl i^roxiT'^^P«“operties. as 

licfi. promoting the polymerization of acry- 

It is significant that inieetinn 
do not necM«uily require plaaUcirers d'^^tr''’""* 

■oolding. they aUo in..::,uee their’^oCT™, '7™'" 

position. hmitations into the com- 

Recent developments in acrvlic resina h 
compounds with improved temDeratnr . toward 

parts will exhibit AaSTM heat dLtortiL*^*'*'*^'''’’ 
parent acrylics have Ber^.t;^ min u^ Trans- 

^abri^ted parts as. for example; illustlltrrT “ 

circulating fluid may inspected. Snee- i " '^bere the 

television magnifying lenses find these tran^*^^* 

useful. ^ transparent plastics most 

Sheets and Tubes: One nf th^ ^ . 

the Rtandpolnt of fabrication operaUonT "materials from 

forming, and blowing, ia the stand ^ n^achining, draw- 

•> polymethyl methacrvlate Availahl ^ stock 

up. sheets of aenhe plalri^ H V16- 

wlde variety of industrial and decoraul! X”? a 

“■nPlicntrd mnohine part, of clear ^ '^1“;. '“'’ricating 
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w;':, -;‘!■’ 




m:jsim 


t -^MI 


Fig. 8—Molded fransparent enclosure permits visual inspection 

possible to study important machine operations, and make improve 
ments in design efficiency. 

Some of the sheet stock is prepared by molding of fine granules 
rather than by casting of liquid resins. These sheets are quite 
clear and well suited to many purposes, though not as strong a 
the cast sheets. Fabricators of the sheet stock report better re¬ 
sults with cast sheets, though economic reasons often require 
use of the cheaper, molded transparent varieties. Cast sheets are 
prepared by pouring the Bquid resin monomer between 
and curing. A group of attractive patterned acryhc sheets are 
now available, with various surface details ^ offering an interesting 

departure from a flat surface. 
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Styrene Resins 

Styrene resins have become one of the most abundant, low 

cost thermoplastic materials. Copolymers of butadiene (75 per 

cent), and styrene (25 per cent) have fulfilled the great majority 

of synthetic rubber requirements, necessitating, during the war, 

an annual production of styrene alone close to 500,000,000 pounds. 

Aside from the rubber requirements, styrene possesses a number 

of characteristics which make it highly desirable as a plastic ma¬ 
terial. 


Styrene 

Raw 31aterials—Petroleum 
Reagents—Ethylene gas, benzene 

Products—styrene monomer, polystyrene molding powder, sheets, rods 
tubes, foils (extruded and cast) ' 

Tradenames—“Lustron”, “Styron”, “Loalin” 


Styrene, a colorless liquid boiUng at 145 C (293 F), polymer¬ 
izes to transparent substances, properties of which are dependent 
upon the conditions of polymerization. Ethylene, derived from 
cracked hydrocarbon gases, is passed through benzene in the pres¬ 
ence of an aluminum chloride catalyst to yield ethylbenzene, which 
in turn is cracked at high temperatures to form styrene. 


CH, = CH, + c. 
Ethylene 

C.H, - CH, - CH, 



C,H, - CH, - CK 
Ethylbenzene 

Heat in iron tube-^ C^H. 


- CH = CH, + H. 


Ethylbenzene is pyrolyzed in some processes by mixing with 
superheated steam to yield styrene. Chlorinating the ethylben- 
zene and subsequent thermal decomposition in a nichrome tube 
will hkewise yield HCl and styrene. Polymerization is accom¬ 
panied by opening the double bonds in the reactive ethylene group 
to form a long chain macromolecule. 


— CH —CH —CH~CH —r-TT r«xj 

n(CH,=CH-QH,)-» I ' I - CH-CH,_ 

CjH, c,Hs 

Polystyrene 


C,H, 


Clearer products are obtained in the absence of oxygen oar- 
Ocularly when the polymerization is conducted in mass by hraLg 
for several days at 125 C (257 P). A polymer with an 
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molecular weight of about 125,000 appears to be the 

erally useful material, though investigators such as Dr. Stand g 

repormolecular weights approaching 1,000,000 by slow low-tem- 
nerature polymerization. When it is desired to store styrene fo 
long periods of time, polymerizaUon inhibitors such as qmno are 

Molding Compositions: Within the last 
velopment and the appUcation of polystyrene ““f “f “'T' . . 

have received much impetus from outside as well M mt J 
tics industry. These materials display excellent dielectnc 0“ - 

particularly at radio frequencies where other d>dettnc 
ere unsatisfactory due to high dielectnc loss ^or “hese 

quence the radio industry has been one 

tans^tting and receiving equipment. The negUgible water ab- 
sorptto and resistance to acids should make the matenal ideal 

for equipments handling acids. r,ipor 

Molded as well as cast articles of polystyrene have a clea 

a. • 1 noef nnlvstvrene articles, while readily preparea y 

d!vs are not as common as the molding compositions Greater 
sSl'is required in machining or fabricating polystyrene than other 

"""ta in styrene molding compositions have 

featured copolymers such as “Cerex” y^is a note- 

improved strength and temperature ^ ,^„uded 

^rt^m^heXapplicLn^ due to their poor temperature 
""1 and Foils: Clear 

the acrylics, « which were hrst 

among *h»ncato T pi brittleness, recent 

reameri^ extruded "'aT^erS^ 

^ttptSrproduc'l^hrfoite find their greatest 

trannsulLu. Resistance to water vapor permeation, however. 
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IS not as great in polystyrene foils as in other materiais. 

Polydichlorostyrene: Developed for better temperature re- 
smtance than polystyrene, polydichlorostyrene has lost none of 

• V predecessor as an insulating material, espe- 

eia y a ig frequencies, where it maintains a constant power 
factor over a broad range. Its heat distortion temperature of 235 
IS considerably above polystyrene’s 170 F (“Styramic” HT). 
igher mjection-molding temperatures are necessary, though the 

Li’vnr to electronic equipments 

polyd chlorostyrene has exhibited good form stability in its resist- 

ance to heat from tubes and transformers. The presence of chlo- 

rme renders the compounds resistant to burning and makes them 
self-extinguishing, 

coDofvmer the all important butadiene 

hpr f fv,’ capable of copolymerizing with a vast num- 

ben ^ ° 1 ,^*^ synthetic resin monomers. One of these, with divinyl 
aroZ'25oVT^^n distortion temperature to 

Numerous crysW holders have been molded froi these” 
mers tor application in high frequency work. These compounds 
closely resemble polystyrene. Plasticizers seldom are used with 
po ys yrene, though it may be pointed out that chlorinated di- 

Leifs' ex? “<=ceptable. Partially polymerized sty- 

reL ALh’b “ toughening agent in polyester 

““ htoreasing the ratio of stZe "oTf 

tadiene, stiffer products are developed. ^ 

Styrenated Oils; Another development of particular notP 
coating manufacturers is the appearance of styrenated oils R 
cooking styrene and methyl styrene with drying oils some v ^ 
use u constituents for coatings have been obtained. 


Polyamides 

The polyamides represent a family of synthetir rp«mo 

(•■Nylon”), for use in stoctoffTootobnL 

and paint brushes. More recently they hav^Wd 

as molding compounds. ^ important uses 
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Polyamides 

Raw Materials— Coal tar, air and water dicarboxylic acid 

Reagents-Diamines (hexamethylenedxamme) . and dicarbo y 
Producti-Molding compounds, extruded monofilaments, textile produc 

In his development work on the ma^ny^^andnes 

duced many types of synthetic resins, polymers. 

and dicarboxyUc acids capable of reac i forming polyamides 

In the beginning, interest centered on the 

of high melting point, f^ " nXg a —e by 
of diamines upon dicarbox^ie ^ dicarboxylic acid by 

faLrriongrrpTe".' . formed of the foUowing stmc 


ture. 


NH 


G — NH — CO 


G' — CO — NH — G — NH — CO 


• j Ac din mine for example, are reacted in a 

Adipic acid and a diami , solutions then 

stainless steel kettle to form a nyl<^n salt. 

are concentrated ^d and the material flowed onto 

rroiCw“tarden f a ^of -ten J-e^ate 

gen. After remelting down and Altering, the 

has a rather colls of different speeds, the 

are - 

Bile strengths above . imparted to tow ropes and 

parachute hn^ polyamides are capable of op- 

Moldlng „7^00 P. tteir ASTM heat-distorUon 

oration up to ^mperatu properties are closely de- 

point IS low (about 1^0 t.) prevailing temperature. 

pendent upon mois considerable toughness, high softening 

When molded parts requ injected in thin sections, 

temperature and the abi i y _ proved feasible. Special de- 

the nylon molding compou nlasticizing chamber of the 

signs are reauired in the nozzle and plasticizing 
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injection molding machine to accommodate the material. Com¬ 
pared to the better known cellulose plastic injection-molded ther¬ 
moplastics, the nylon molding compounds are tougher and more 
dependable over a much broader ranger of temperatures. A non- 
rigid grade of polyamide developed abroad, found employment in 

various machines. This material was caprolactam, prepared from 
cyclohexanone. 

The polyamides are inherently resistant to most organic sol¬ 
vents and plasticizers, though they may be dissolved by molten 
phenol, resorcinol, or formic acid. More chemically compatible 
polyamides have been prepared from ethylene diamines and from 

soya-bean-oil fatty acids (“Norelac”). These have been developed 
for coatings and adhesives. 


Newly Developed Synthetic Resins 


Silicones. Among the plastics developed to date having highest 
temperature resistance, silicone resins have opened a new field of 
plastics in chemistry. These plastics have many new and unusual 
characteristics which are of basic interest in the design of various 
machines. These organo-silicon oxide polymers now are available 
in several physical forms including fluids which have little change 
m juscosity over wide temperatures, greases, insulating resins, 
m ber-like varieties, and thermosetting materials. Their heat sta- 
bihty inertness, and electrical properties are, in large part, due to 

tne sihcon-oxygen-silicon-structure. 


Silicone resins are prepared from silicon tetrachloride, mag¬ 
nesium metal, and organic chlorides, following the Grignard re- 

Sr’ SS■ “ oot on a commercial 

calc. Methyl-magnesium-bromide is reacted with silicon tetrachio- 

nde to produce, for example, mono and di-methyl silicon chlorides. 

hese are hydrolyzed in turn to form silanols, which are capable 

of condensing within themselves to form resinous derivatives An 

SrikShS""*' Chlorides is to pass' 

temperature M S"! silicon-powdered copper at a high 

temperature. Methyl sihcones are obtained in this manner. 


CI^. Mg. Br + SiCL 
CH, SiCl, -t- 3HjO Cli 
OH OH 

CH, Si OH + HO Si CH. 
OH OH 


Si-.® oA?: 

OH OH 

-» CH 3 Si — O — Si CH, 

OH OH 
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Numerous side reactions ensue in the formation of the silicone 

—.e SMU « to the 

ward the correct degree of cross-iinKage. . 

appLr as oils possessing a high degree of vrseosrty sta- 

bilitv with temperature. Characteristics are dependent upon 

”^ ^ 01 !' Troportions of ingredients. Aryl silicones are softer than 
!h ^Ikvl sUicones and various combinations may be effected 
through reactions organo silicon chlorWes ^th »“>er «ngnar 

reagents. Suffice P nossess high temperature 

looms in the fie d operate at temperatures in excess of 

^ ar-h^LXo motors of the aame horsepower 

! Lailer motor has heen_ insulated w,^ htgiu^- 


rating. i*.e fiherglas, and is capable of 

operating at a much higher temperature, hence its greate 

power/weight ratio. surfaces of glass. 

Liquid silicone resins readily wet clean, ary marked 

ceramics and metals, making them water repe en surface 

ceramics, a ^ecomplished also by exposing the surface 

degree. This chlorosilane which may be reacted with 

to the vapor of methyl 

water vapor o lubricant for machine heanngs. 

A tough, flexible polymer has been Prep^^^ 

direct from ethylehe gas t & ^ presence of a trace of 

sure polymerization process \ . electrical prop- 

oxygen. This 

erties and unusua reois , relatively simple, and the 

The chemical structure of polyethyie 

polymer substantially unsaturated; 


H 

C 

H 


H 

C 

H 


H H H H 

-C —C —C —C 

H H H H 
Polyethylene 


H 

C 

H 


The high-molecular-weight polymer Cb, 

100 C, material is soluble in boiling 

r%re:tmt:rfrr‘:rus sheets, moldmg materials. 
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and extruded shapes have been produced. The specific gravity of 
the material is quite low, averaging about 0.92 at 20 C. During 
extrusion, the material may be cold stretched to materially in¬ 
crease Its tensile strength. Polyethylene may be compounded with 



S^ubSlv?",: Po'yethylene will n„. 

did n ^ '^hen'ical inertness, and its snlen- 

to thl°des"igr o?fo '’‘S'’ frequencies. It lends itself 

as radar and electronic“lus as well 

e^siderable promise as a^hexibl, tZ 

cular weir rttlVT t™“T »°*e- 

ght to tough, elastic solids of high molecular weight. 
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isobutylene has found increasing utilization as an important plas- 
" field of coatings and adhesives. Manufacture of the 

material from various mixtures of butenes takes piace ^ low 
peratures in the presence of boron tn-fluoride as a cata y . 

Furfural and Furfuryl Alcohol Resins: Furfural, obtain^ ^ 
a by-product in steam distillation of aciduiated com cobs or ^t 
hulls has long been recognized as a useful orgamc so ven . 
aldehyde as well as its hydrogenated derivative, furfury aco . 
recently has been made commercially available in the form of iqui 
resins useful as adhesives and impregnating compounds. The 

resi:: are dark in color and show unusual 

nroperties. They show considerable promise as 

plaster of parts, toughening up patterns and tools to , 

materials. Cold-setting adhesives prepared ‘ 

among the strongest ever developed, and well suited to the 

ing of various plastics and rubbers, i„«ortant high-tempera- 

PolyR^lluotoetoylene: Ano^^^^ 

roXtne rTefion-). This resin 

eal resistance, being resistant *<?/' tZe will in¬ 
acids, including boiling aqua reg> . equipment and high-tem- 

fluence the design o g,evity of 2.1 to 2.2, 

high elongation, low-temperature flexibility, ana goo 

ance feature this material. rvotentially important new 

Olefin-Sulfur Dioxide Resms: f , as been devel- 

group of low-cost .^ith various olefins such as 

oped by the reaction o su moldable varieties to 

propylene, produced. These materials are 

rubber-hke . Phillips Petroleum Co. Good chemical re¬ 

being developed by the Phillips ret 

sistance is claimed for the polymers. 

Plastics from Cellulose Derivatives 

Resins discussed in the 

scrtbed as synthetic resms, Jnot resinous, 

thesized from raw materials which ^ acrtvable 

Plastics from po,y,„er of high-mole- 
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cula,r weight. Cellulose, prepared from wood and cotton, is esteri- 
fied or etherified to convert the material to heat fusible or soluble 
forms useful for preparation of artificial fibers, thin flexible films 
molding compositions, etc. Cellulose plays an important part in 
the constitution of the fibrous structure of the vegetable kingdom. 
The structure that has been assumed for the cellulose molecule 
(CeHioOg)^ is of a chain-like form, built up of betaglucose units. 
Chemical investigations, confirmed by X-ray analysis, show the 
following structure: 


H 

C 


0-C 

H 


/ OH 


OH 
C 
H 


H 

C- 

CH„OH 


H H 
C -O-C 


CHjOH 

C- 

H 


O 


OH 
C - 
H 


O 

\ 

C-O-C 

h/h h 

OH 

Cellulose 


The cellulose chains are assumed to be arranged in the form 
of crystalline submicroscopic micelles in which intermolecular link¬ 
ages are established between adjacent chains through secondary 
forces, whereas the strong primary bonds prevail between glucose 
units of the macromolecules. It is reported that the dimensions 
of natural cellulose micelles are roughly estimated by X-ray data 
at 50 X 50 X 500 angstroms. The miscelles thus are revealed 
to be about ten times as long as they are wide, lending them- 
^ves to orienting influences parallel to the axis of the chain, 
wmie the chain lengths vary considerably natural cellulose is at- 
nbuted with 100 to 200 glucose units, with molecular weight av- 

40,000, though reported as high as 120 - 
000 . The cross section of a fibril will contain many thousands of 

^celles, each consisting of many chain lengths. The micelle struc- 

Iri'® ""''' interpreting the swelling action of certain liquids 
on the cellulose, though the cellulose derivative may be insoluble 

Cellulose Nitrate: The cellulose nitrate plastics date their 
ongin and introduction to commerce as early as 1869. In one of 
heir earhest forms they were called celluloid, though many trade- 
names are now in existence for these materials. The materials 
_ave found extensive application in solid form and as lacquer sur- 

fn-t Conversion of the cellulose into cellulose nitrate 

(nitrated cotton) is a highly specialized process and materials 
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manufacturers may find it cheaper to purchase cellulose nitrate 
in the preparation of various compositions. A typical procedure 
for preparing cellulose nitrate follows: 


1. Selecting cotton linters which are the short fibers attached to 

seed after long ones are removed for cloth. 

2. Purifying by treatment with sodium hydroxide solution and 

cniorine to remove certain impurities and natural oil content of fibers. 

3. Washing thoroughly in acid water to remove traces of alkali. 

4. Bleaching linters with chloride of lime and washing. Shredding 
and drying to a moisture content of 0.5 per cent. (Now ready for 

mtration.) _i.. 

5. Controlling the time, temperature, and proportion of reagent^ 

nitration is carried out as far as desired by treating with nitric and 


sulphuric acids. 

6. Removing acids 


from linters by pressure or centrifugal wring 


ers. 

7. 

remove 

moving 


Successive washings by boiling in water and acid solutions will 
impurities from the nitrated cotton. Bleaching, was^ng, re- 
chlorine, washing, beating in pulp machines, washing, and 


blending batches for uniformity. 
8. Dehydrating with alcohol. 


One of the most important steps in the manufacture qf cel¬ 
lulose nitrate is the nitration process. In this reaction the hy¬ 
droxyl groups of the cellulose molecule are reacted upon and re¬ 
placed by nitrate groups from the nitric acid. The ® 

sulphuric acid will catalyze the reaction. The nature of the 
product is dependent upon the degree of mtration for, 
advanced nitration, explosive materials are obtained, i 


Product; 

Explosives . 
Lacquers . 
Plastics .. 


TABLE VI 

Characteristics of Cellulose Nitrate 

(As dependent on degree of substitution) 

NItroKen Typical leneth of 

content macromolecule 

(per cent) No- Biucose units 

. 12.1 to 13.8 3000 to 3500 


to 2.4 hydroxyl groups substituted, materials useful *<>■.“« 
ing purposes are prepared. The reaction ensues in the t 
ing manner (it is assumed that full nitration occurs): 

(C,H.O.(OH).). + 3 X X (C.H,0.(ONO.).) + 3 X H.O 
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Equiiibrium is dependent upon the componiUon of the acid 
famure, and adjustments in the nitrating conditions will give a 
^ ^e of Buhetitution up to three nitrate groups. Properties 
dep^ upon the degree and uniformity of the subsUtution. and 
relative punty of the acid mixtures CharacterisUca of typical cel- 

nit«te producu. Including nitrogen content and maertmoU- 
cuie length are presented in Tabll \’I. 

Tht conunrrdal cellulose nitratn arc made available in a 
•^ choice or viaeorttlca (dc^rc 5 of poljTncrisaUon I for lacquer. 
^ films. In general. lo»-viwjosity nitrocelluloM. U preferr..! .for 
l»<^ fom.ul.Uoiu. and a choice of degree of nitration I. re. 

realixe maximun. compaUbiUty aith solvents and plaa- 

'P'^ attainment of good ph.v.ical propertl.'. which arc so im- 

1^1'“ ' "1*“'^ “ " engineering ma- 

not real.^ until the material ha. been blended with a 

e *"■ ** for cellulom, 

nitrate becau^t of lu high aolvent ,«wer for this material and 

render, the material mechanically accejitable. Other 

Wlera have supplantml celluW nitrate In manv engi- 

«»**>» wBcnUon. in recent years, inaarouch as they lack the 

^mahihty of thew materials and exhibit greater permanenev 




pfa>'Bie4j properUos. 


cellulose __ 

As in the 


fmportjmc«» m a plasUc material is cclluloM acetate. 

ccllttloee nitrate, pure cotton Unters are emp.arv«,j a 

*"* *" pretreated and acUvated 

Phalli ‘ 

truufofJ^ ir V " <»"uiose is 

to a hvdmt * ^ nyrtip- The reaction product then is fed 

i. ItaT"or"" 

XftmT . ov .. u> season for a period of 

te, mssHe. film, snd lacquers Is obtained. Celluta^’^^ll^ 
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(3.00^3^13,ted cotton^ is 3V3il3l3le fox* inclusion in thennooJsstic com* 
positions. 

The chemical reaction involved in the preparation of cellu¬ 
lose acetate follows. 

(CeH,0*(0H),), + 3X (CH 3 CO)*0X(OCOCH,),) + 

(3 X CH 3 COOH) 

Cellulose Acetic Anhydride 

Degree of acetylation is important in determining the char¬ 
acteristics of the final product. The theoretical triacetate is not 
as important commercially as products with a lower acetyl content 
which have greater solubility and are more suitable in plastic 
compositions. Higher acetyl substitutions are soluble in chloro¬ 
form mixtures, while lower-degree acetylation substitutes are dis¬ 
solved more readily by acetone mixtures. The selection of sol¬ 
vents for these materials, however, should be conducted on the 
basis of both the cellulose derivative and the plasticizer which are 

employed, because it is necessary that the solvent be effective on 
both. 

The reaction products as a function of the degree of acety¬ 
lation are presented in Table Vn. 

Table vn 

Characteristics of Cellulose Acetate 

(As dependent on degree of substitution) 

Acetyl groups as % of 
molecular weight 

44.8 
35.0 

... 33.5 to 38.5 

.. . 38.0 to 39.4 

.. . 37.6 to 39.6 

Cellulose acetate is combined with plasticizers in the pres¬ 
ence of solvents to attain the qualities so important to molding, 
and a toughness it otherwise would not possess. Well-known 
plastic materials such as “Tenite I,” “Plastacele,” “Lumarith,” 
etc., are prepared from cellulose acetate. These materials are ther¬ 
moplastic in nature and are suited for injection molding. Cellulose 
nitrate plastics, unstable in the presence of heat, are not suited 
for injection molding. 

The water resistance of cellulose acetate is not as good as 
that of cellulose nitrate, and to improve this quality, a water- 
resisting higher acetyl-content (40.1-41.6%) acetate has been de- 


Product 

Cellulose triacetate 
Cellulose dIacetate 
Plastics .......... 

Textile grades . .. . 
Lacquers . 
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lulose acetate are ^ conunonly used with cel- 

fK 1 1 methyl and ethyl phthalates, methyl phthalvl 

ethyl glycollate (“Santicizer M-17”). and triacetin 
Mixed • - 


Mixed cellulose esters, prepared by 

^ir j/mm^ « A ___ ■ A. a. 


similar 

__ ; are used exten- 

olding compounds and in the formulation of hot-melt 

•mpounds. The meit 


sively as i 

stripping compounds. 

activating the cellulose'Ibe^r^^'n XTaT" T"" 

acid mixtures of higher alinhatir* -ri 

other cellulose esters, propei^^/ cT ^he 

of substitution, as well as th ependent upon the degree 

The cellulose acetate bnfv t ^ degree of polymerization. 

about iZer Ten^^ ^ ^ --terial of 

or. in terms of substitution 1 l acetvl i « k ^ ^ content, 

units per C„ unit. In general th^^rh ^ hydroxyl 

varies between '>50 350 h p length of these esters 

oetween 250-350 degree of pol^mierization. 

e lulose acetate-butyrate (“Tenite H”) possesses • 

jection molding properties ren.,iHr,c, . Possesses good m- 

tion than cellulose acetate to attain th ^^S:ree of plasticiza- 
is auo extensively employed as extend^ at^s a'nrtubL'T' " 

merous purposes Pi«f+xx,n • »Lnps and tubes for nu- 

mixed cellulose ester and high “con tofcell 
der changing humidities. In recogniZ of ck “ 
m cloth-reinforced laminates and tL possibiliZ 

them into tough laminated structures cellulos Z*" 

sure. ^ “-"Pomte structure under heat and pres- 

Cellulose Propionate: The a. 

cellulose derivatives is celhiinc • ‘^^^^on to the family of 

by the action of p^olZ (‘'Forticel"). prepared 

properties, this plastic resemWefZiuT" 

than cellulose acetate reouirinv l acetate-butyrate more 

“me degree of TelTu^ P'aaticiser to achieve the 

^ter absorption characterize the moldeT‘’prod«rZlso"‘* '°T 

molding and welding pronertiAQ Hotrra v ?. ^ 

Pereas it can be successfully mixed • “ ^he field, 

lulose acetate-butvrate it will nnf • ^ Proportions with cel- 

t^te by itself. satisfactorily with the ace- ’ 

Competitive to cellulose propionate is the mixed ester cellulose 
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acetate-propionate (“Tenite HI”), also developed for tough, di¬ 
mensionally stable molded parts. Properties and applications are 
similar to the other cellulose esters. 

Sheet, Rod and Tube Stock of Cellulose Plastics 

An important branch of the cellulose plastics industry is the 
manufacture of sheets, rods and tubes. Cellulose acetate and 
cellulose nitrate constitute the major proportion of this business. 
Starting with nitrated or acetylated cotton (prepared by methods 
described in the preceding pages), plasticizers, solvents, and some¬ 
times dyes, are blended together in a large kneading or dough 
mixing machine until a homogeneous blend of ingredients is ob¬ 
tained. Enough solvent and plasticizer must be present to allow 
the material to be readily workable and easily mixed. 

After mixing, the dough-like mass is filtered under the ac¬ 
tion of a heavy hydraulic press which forces the material through 
fine-mesh screens supporting cloths, through a die plate with 
fine openings. The amount of solvent present may be reduced 
by working the mass in a vacuum mixer. Otherwise, solvent is 
removed by working on hot mixing rolls where dyes may be added 
if desired. The material is cross-cut by the operator and folded 
back to insure uniform distribution and blending. After this 
operation, slabs are removed from the mixing rolls and stacked 
in presses. Under heat and pressure, large blocks several inches 

thick are formed (see Flow Sheet, Fig, 10). 

There is still sufficient residual solvent to permit further op¬ 
erations. The large blocks are removed to slicing machines where 
molding blanks or sheets may be sliced to size. The sliced sheets 
are placed in seasoning rooms for a length of time which may 
be several weeks, depending upon their thickness. Upon removal 
from the seasoning room they are wiped off and press-polished 
between highly polished sheets under heat. This straightens the 

sheets and gives them their smooth glossy finish. 

Some of the thin sheet stocks (0.020-inch and thinner) are 
prepared by extruding continuously from fine orifices, festooning 
the sheet within a seasoning chamber. They usually are trans¬ 
parent and are employed for packaging and for electrical in 
sulation. When formed, as in the manufacture of transparent 
containers, the slicing marks, which may appear on sheets cut 
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Rods ond tubes 

(cellulose nitrote) 
(cellulose 
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Molding powder 
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from slabs, are entirely absent. Extremely thin films are cast 

from solutions of plastics. 

Rod stock may be prepared by two methods: 

1. Sliced from a slab of the cellulose plastic material with a 

hollow tool shaped to the size of the rod, or 

2. Extruded from the orifice of a screw stuffing machine into a 

continuous length. 

Tubes are prepared by three methods: 

1. Extruded continuously without any seams 

2. Formed by butt-welding of flat strip stock, or 

3. Formed by wrapping strip stock helically around a mandrel. 

Many fountain pen barrel stocks are prepared by the last- 
mentioned method. In all cases of rods and tubes, seasoning 
periods are preferred to aid removal of solvent content. 

Color: Sales appeal of sheet, rod and tube of cellulose 
plastics lies in the many attractive colors and color combina¬ 
tions available. Ranging from clear, transparent sheets to pearl 
essence effects, there is a kaleidoscopic selection of mottled, stri¬ 
ated and variegated colored patterns. Many of these unusual 
effects are obtained by preparing large slabs for slicing or ex¬ 
truding, in which different strips are spaced at will. 

Cellulose Ester Molding Compositions 

■ ^ 

Molding materials may be prepared from cellulose acetate 
and cellulose acetate-butyrate by removing them from the hot 
blending rolls, grinding in a Ball & Jewell grinder and allowing 
them to season. However, the ingredients may also be mixed in 
a Banbury mixer for several minutes, the internal friction cre¬ 
ating enough heat to homogenize the materials. They are then 
ground in a suitable mill, screened and allowed to season. While 
most of the materials are furnished in large granulations which 
pass through a 3/16-inch-mesh screen opening, specially cut cubi¬ 
cal-shaped granules are employed to facilitate granule flow down 
the hoppers of injection molding machines to provide a more uni¬ 
formly formed product. 

While cellulose nitrate and cellulose acetate molding com 
positions have been adaptable to compression molding operations. 
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onJy the latter has been suited to injection molding. The re- 
„nts upon molding compositions for thermoplastic mate- 

such as Thenoir'*** compositions 

plastic moldmg compositions do not undergo a “curing” period 

ns"mwh°en nL*"*'r®°“* experienced by thermosetting 

tion of the r^irrheT"* polymeriza- 

... • ne thermoplastic composition, however must 

are the nlastip' ^ ^ measure to these properties 

flow requirements are particularly important in injection mold! 
g. owever, the plasticizers commonly associated with cel- 

mo^lw oT L?m ‘^“P^rat^es. In fact 

erations are in more common use. swaging op- 

deperd to'a ,'’'■“'^”‘0° developed by cellulose ester molded pieces 
recet::y':r a r- compositions, it is nl! 

mherently possess adequate resistance to shock. Being ”h!™o! 
softe'*-’ ‘I"® cellulose derivatives have relatively low 

is a drawback s cer 

of r applications, the materials have opened new fields 

of apphcation by injection molding methods. 

diffei^nr^'’'''' compositions have been developed with 

aifferent degrees of flow fo __.-ui. . . .. ^ , 

molding 

Gen- 


eran!'^»'^*''^^ buttons to antenna post housings. Gen- 

sile and “ Product with as high a shear, ten- 

M ®°"'- O" ‘i’® other hand, the cus- 

with Iras *^diff n softer composition which may be handled 
oromis ifi’cu'ty by the injection molding machine. A com- 

ProducUor”and ^ between the requirements of good 

L ru'd d « dT ’•Pi'c 'i®®P standard- 

achieved throu!^ th^ ®‘““''P''ds. These grades are 

types nl ! ® . ““PPPPdiPg of different proportions and 

p asticizer with the cellulose acetate or acetate-butyrate 
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and cellulose propionate, and range from hard types (Grade H) 
to soft types (Grade S). Various grades and typical end uses 
are cited below. 

1. Grade VH —very hard—adapted to special mottled compo¬ 
sitions 

2. Grade H —hard—for slabs and special uses 

3. Grade MH —^medium hard—high heat distortion point, for 

novelties. 

4. Grade M —^medium—for novelties, general optical 

5. Grade MS —medium soft—excellent impact resistance, for 
general applications 

6. Grade 8 —soft—thin objects, good welding, for boxes, etc., 

7. Grade VS —^very soft—good welding, high gloss, for very thin- 
wall moldings requiring a long flow. 

ASTM Specifications have been prepared for cellulose acetate 
molding compositions (D-706) and cellulose acetate-butyrate com¬ 
positions (D-707). The types and flow designations (obtained 
from ASTM Specification D-569) are shown in Table VIII. 


Table VIII 


Cellulose Acetate 


Flow 

Type Grade Temperature 


I 

General-purpose 

., ,MH 

300-315 F 


M 

290-300 



MS 

280-290 



s 

260-280 

II 

Heat-resistant ... 

.. .VH 

330-345 



H 

315-330 

III 

Impact-resistant . 

.. .MS 

280-300 


s 

270-280 



vs 

260-270 



ss 

250-260 

IV 

Moisture-resistant 

. .VH 

330-345 



H 

315-330 



MH 

300-315 



M 

280-300 


Cellulose Acetate-Butyrate 


Flow 

Type Description Temperature 

I Good dimensional stability 325-339 F 

II Good dim. stab, and fair 

impact qualities . 307-321 


III Moderate dimen. stability, 

mod. impact and tough¬ 
ness . 293-307 

IV Good impact and toughness 279-293 

V High Impact and toughness 

at 32 F . 265-279 

VI Good impact at low tern. 253-267 


In the specifications of Table VIII the flow temperatures 
are primarily for the information of the molders, rather than 
an aid to engineering design. However, they do indicate the inter¬ 
relationship between the molding qualities and the intended ap¬ 
plications. Lower flow temperatures are obtained in general by 
a higher proportion of plasticizer, resulting in lower tensile 
strength and increased elongation and creep at room tempera- 

i 

tures. 
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Cellulose Ether Compositions 

Ethyl Cellulose: Useful nla«!fir • i 

the etherification of cellulose The h f f ® prepared by 

and benzyl eeUuIoae. The ethyUC H TV" 

•- j* 1 r3.dic3,l or hpn^vi ^ 

fo™ whaTis knotn°as “her"' 

ethers, the cellulose is allowed to LuTar!r°o"20 
removed later, by pressing. eellulose. The alkali is 

4- XNaOH-» x (C,H,0, - ONa) 4- XH O 
Sodium Cellulose 

Sodium cellulose is treated further with alkvlatin<r 

pure ethytoe atd 

oxide catalyst wUl ~ “ -on 

Methyl cellulose and benzyl 001*10^ art^TO ll'hk 

wth methyl chloride and benzyl chloride uLd relpectLTr"! 

Table IX 

Characteristics of Ethyl CeUulose 

(As dependent on degree of substitution) 

Qualities Ethoxy frroiips 

Wide solubility and compatibilitv of molecular uel^ht 

suited for plastics . . to JO.n 

-east soluble, highest softening * point ‘ *. 45.0 to 4S.0 

. 43.5 to 45.0 

tt:dTs "Licr;a‘n'''‘“"’r”^“"’ -in. 

atitutioh for sodium, which m“”„U‘at mL"?;" 
chloride upon sodium cellulose is; ' 

(QHpO.ONa), + aH.Cl-^ X CuHpO.OCzHa + Na Cl 

Then the product is dissolved in a solvent 

by water. Benzyl chloride may be substituted f P'’f‘P*'®'-^<i 

>n the preceding reaction. The effects oflhr d ^ 

are outlined in Table IX. degree of substitution 

In addition, a softening point for the least soluble grade of 
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ethyl-cellulose is reported between 160 to 180 C (320 ^56 F). 

In the attainment of desirable physical properties, as with other 
cellulose derivatives, plasticizers are added. Solvents are no al¬ 
ways necessary in blending the ethyl-cellulose, heat and mecham- 


cal working being sufficient. 

Among the plasticizers employed in ethyl cellulose composi¬ 
tions are dibutyl phthalates, diethyl phthalate, tricresyl phosphate, 
castor oil. monophenyl phosphate, chlorinated diphenyl, etc. The 
proportions of plasticizers required for various compositions are 


as follows: 

Compression Molding . .. • 

Injection Molding . 

Extrusion . 


Per cent 
10 to 20 
15 to 30 
25 to 50 


Compounding of ethyl cellulose materials is readiiy ac^m- 
plished because of the excellent compatibiUty of these matena 
^th plasticisers and solvents, and some 

men solvents are required, however, as in ‘he prep^^^on 
lacquers and adhesives, mixtures of aromatics such 

(80%) and alcohols (20%) are recommended. ,, i __ 

One of the most interesting features of ethyl cellulo 
compatibrnty with a wide variety of natural and 
and waxes. Various hot-melt combmaUons have ® 

from ethylcellulose-plasticizer-wax combina,tion . 

hot-melts have given outstanding service m 
semirigid dies for forming metals, outlas ing 

esters as temperatures are lowered, components 

ibility has made it a . properties of the material are ap- 

its application mw. 

pressure cloth ^ ^^terial has also enjoyed good use 

r tensionally stable and aCec 

trically acceptable than other thin fmls o ehul ^^P 

Methyl Cellulose: Up to 6 or 7 per 
may be dissolved in water to produce useful thickemng 
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Wended with water mis- 

mTe 71 ^ T" '='>** P“P“ im- 

Sodium Carboxymethyl Cellulose; Sodium carboxymethvl 
“de'cTT/™™ “^''““-“etic acid and sodium 

It jc dissolve in hot as well as cold water 

cm 5 ” 0 e T"'"'' " 

11 urn zo to 1500 centipoises for 1 and 9 rim». ^ r. 

tinnc Tr- V,^ I ^ aqueous solu- 

and is used! 7 l. 7 Zl Z ^‘-ches, 

paper Bnishes ’ “"'> ™"°«a leather and 


Regenerated Cellulose 

^c§enerated cellulose shept^ ^’f^mU/ivsVv 
(Rayon) are classified as organic nlacit^ 'voven goods 

those Chemical treatments so neces^'corve“rt"th“'^ 
man-made materials Tho • 1 ^ convert them to useful 

product is the same as for 00!”“? ‘he Anal 

formation of ethyl cellulose a- (CoH,„Oj). As in the 

After the sodium 0“^™ “t‘"'T 

disulphide to form the following: ’ seated with carbon 

CcH,0,.0 Na + CS,-»CuH,0, O CS SNa 

Cellulose Xanthate. 

Sodium cellulose xanthate ic? /i- i 
mixed and filtered, to yield a sc sodium hydroxide, 

After a ripening period i^^ 30 ^ 1 /" 

or viscose rayon. This is accomplisherbv ‘‘'“^P”™* «>“e 
narrow slots or orifices into an acid e ^ “''“ng viscose through 

sulphuric acid and sodium sulphate A dT f a"*- '°”‘Wning 

mg process may follow to ZZ L and bleach- 

other t.vpes of artificia. sim are ;repa;e"d " v™"^ “-‘W material, 
cellulose and cellulose acetate process^ cuprammonium, nitro- 
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Cellophane sheets generally are compounded vnth a smaU 
amount of glycerol to give them added flexibil^y. Special water 
resisting grades of Cellophane also are available in which a 
coating of cellulose nitrate has been deposited on the outermost 
faces of the sheet. A new interesting product was 
the start of the Second World War from regenerated cellulos^ 

This was known as “Bubblfil” and consisted of 
with expanded bubbles approximately every 
sembled into a large bundle, a low-density, easi > 

was obtained. 

Starch 

Though not a cellulosic plastic, starch resembles 
cause of the chemical identity of the molecular structure . ^ 

It has enjoyed extensive adaptation as a paper sizing agen 
L^^tTgetahie adhesive. Hi*h.strength a^esiv. 

upon a maximum efforts in developing 

"esters, partlculariy the starch -t- of ^ 
amylopectin, show possibilities in the fie P 

Lignin Plastics 

In recent years, governmental agencies such as the 

Products Laboratory have devoted much J ^0^0 

cellulose, and lignin. Some of mvesLgaLons h^e led ^ 

development of commercially useful matenals 

wood to approximately 25 to 30 per cen , Though the 

preparation of “fj", Tru" -nt^X-ray 

chemical constitution of g ^ erystalUne structure, a 

studies of extremely pure g . .. , iienin as an amorphous 

result contrary to conclusions pointing as 

substance. Considerable ^rences^-^^^^^ 

alkaU, hydroxyl groups wood and saw- 

Treatment of cellulosic pro uc . s ^ ^ develop- 

dust in which the Addition of plas- 

ment of a promising_ ,„ftening point of the lignin. 
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“°”P°s‘«ons have been prepared which form hard, solid 
C (311 Fi of 3000 psi and at a temperature of 155 

require sZe “Soin piastic moiding compounds 

mold tTv h^fejected from the 

renoiic u L n 'Juaiity of the present 

ciallv 1-avP^- ’ S^^nerally the lignin plastics offered commer- 

tTerk ^ -oii amount of phenoUe constituents 

been^dire'rtertotTrd°”ti *«"■> P’^stics, efforts have 

ing operation, pTLence o/ZIc'iM ^ “^ost- 

lug molding Whi e na ‘’”“‘ dhP- 

movai of Lcr o? tf r <i‘'-oeted toward re¬ 
manufacture of llinnii'”" digestions, the 

and the PercUlgXSrieild!" 

know n process '^th three Pressure in one weii 

materiaffreed frriiTu; anL^t ‘»o -iid 

furfurai, 8 per cent aniline a o ° odded 8 per cent 

a wet mixing operation A moH hi hydroxide in 

cal properties is formed. Of courseThHar 

converted to a form in which it may be wIm 

able Plas't" CmTaTats^r^aiitert^^^^^^ 

qualities and low cost as • i §^ood molding 

“Lignolite”, comprises a laminated "^tr^dlurf Tf 

cellulose fibers. Good mfaphf,n,Voi of hgnm enriched 

It is not recommended for use af Possessed, though 

a tendency to blister. Hope is also ^\ because of 

promising iignin esters in the plastics picture^”"'’ ^ 

In o„; cwi ?;rth;tu“"^ “ " 

explosion chamber which is brouawT '““'**<* h" 

1000 psi With superheated sl^am S j! ' - 

onds, the pressure is released sudd i ” mw'ai of several sec- 
mto a fibrous mass. After thorough w exploded 

■nto thick sheets in a continue “papeTw’’ 

paper-forming machine. The 
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exploded chips contain a high percentage of lignin 
the explosion process. The sheets are pressed and heat tempered 
tato a wide variety of low-cost building materials extensively 
utd I Tndustry. 6ne product, die stock, is obtained by prising 
at a temperature of 165 C and a pressure of 2500 psi. 
layers are bonded together with the aid of a phenolic film, 
dil stock competes favorably with laminated plastics in certain 
^plttions, wLre good mechanical strength and low cost prevail. 

Plastics from Natural Resins 


The numerous natural resins and their 
lated earlier in this chapter. Rosin and esto- 
shellac are most important in the ^ they 

natural remns are timly with synthetic 

may be molded to shape, t y <,eneral usefulness is 

^aI 111 lose derivatives as lar as oei 

roncern“. In the first place they are 

ing natural in origin. ^^^^harp melting point and lack 

cular weight, as evidence y 

of toughness in a pure st ' them with the proper 

useful plastic materials by “®P°™ ® he employed 

combinations of fiU^^a^ ^""luTos^LwaL 
to augment some synt best known to the sur- 

Eosin: Pure solubility to certain thermo- 

face coating mdust y, P obtained by naphtha ex¬ 
setting synthetic resins. ^ played a prominent 

traction of waste P*"® adhesive component. Numerous 

role also as agent polymerised 

esters prepared from “qtavbelite”, “Polypale” resin, etc.) 

rosin (“Abalyn”, “Hercolyn”, ‘‘^ayb^bte^^^^oTOa 

are attracUng much ‘“^cre 

liquid and i„,o,uhle portion obtained from pme 

described as the ga i«„r mcst r about 3 cents per pound; 

wood resin has an advantage in , j-gsins Numerous lami- 

and usefulness as an extender foe Phenohc resma 

nated parts have boon peep^e Portland cement. 

Other important use is m the percentage of “Vinsol” has 

where the inclusion of a very small percentage 

• • M. .A 0 C* 1 Of 


WllCi c -- , 

aided air entrapment during processing 
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dia ChemicaH^v ^ obtained from an insect secretion found in In- 
about 70 per cent, is pure lac resin. " 

within the molecule ^th”th’ reactions take place 

ta obtained on reputed t f * ^^tc 

fying the o-aterilfa'Iiolt'JL”^^^^^ “ 

containing compounds are re^nrH^a,! nitrogen- 

tion-condensation reactions, leading tehardeninr^ Polymeriza- 

tieularly o'tooTpaneTs is Jelfknown " E 

alcohol solvents, it is usp,t o f ? inexpensive 

glossy surfaces, that will withstand mu ’''®''ta«^ •'^rd, 

distant to tracking on insulated *u ''«■ 

Carbonization of the surface Z “ot reXTak 

the phenolics in such electrical snL?! 
merous low-cost molding compo itZ e 

terials have relatively low sStofr 

to a thermosetting material ^ Points if not fully converted 

^rom^hTtn^ sritr r/r p-p-^d 

mg compositions ever to be made , a ™®ta- 

largest consumption of shellac mold a The 

graph industry, with a production welMn “the ‘"'Ir 

employed in electric appUances sCn ^ “"'J" are 

arcing, a factor in its favor in molded arOdes ““ ^ 

Large proportions of finelv diviHpri fin 
molding compositions to lessen the shellac 

and maintain desirable mechanicll quaho x”' 

sTtan =’ate flour, etc ®""'^ 

aistMce, a small amount of fibrous filler is al 

another natural resin, may be added to oh 

tare. As With synthetic resins, the shellac^Tdta; 

molding compositions 
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may be prepared by the wet process in large mixtures or by a 

drv proc6ss on hot mixing rolls. 

Bitumen: Bitumen is a term applied to certain naturally oc¬ 
curring complex, pyrogenous hydrocarbons insoluble in water but 
soluble in carbon disulphide and benzene. They are black m 
oo^fand o£ varying hardness and volatility. Asphalt, a specif 
bitumen obtained from petroleum residues, has been em^oyed 

Ls and Stohes" In practical engineering use "ns are c^m^ 
bined in various molding compositions and cold molded und g 
pressures, followed by baking operations. 

ing a bituminous substance of high-molecular “ 

as readily as synthetic resins or cellulose 

be fabricated with different techniques. tensile 

strenrth will increase up to a certain point on the 

" This is ascribed to the strength “ ttu 

and filler, which ^‘tonger than "n 

.qitrT"-- - r ‘"t 

Lrfas: " particularly when -dmed with other ma- 
terials which give them better temperature stabihty. 

Protein Plastics 

A few protein materials are useful in ‘he Pf 

tics. Most important is casein, Formaldehyde 

( corn protein) represent other po ^ . j ^ relatively hard 

is useful for converting the protein substances into 

materials. known plastics encount- 

Casein: Though designers, casein plastics have 

ered by engineers and a decorative material for 

miscellaneous an^ novelty ^^^^^^^-r^cmrring as a calcium 

constituent of mr , P ^P Commercially, casein 

salt in a jelly like curd by rennin. an enzyne 

is coagulated m milk j h „,embrane of a calf stom- 

found in rennet (a y P hydrochloric and sulphuric 

ach). Dilute mineral acids, such as nya 
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acid, or sour whey are sometimes employed in the coagulation 
of casein. The casein molecule possesses a complex structure, de¬ 
scribed by some as possessing a system of conjugated amino- 

acids (NH 2 -R-COOH) where R represents the hydrocarbon por¬ 
tion of the molecule. 

Various methods have been proposed and are employed in 
commercial production. Following precipitation, the casein is 
washed, filtered and pressed dry. At this stage it may be ground 
in the mill to proper granular size, and then thoroughly mixed 
with plasticizers and dyes in a dough machine. Further blend¬ 
ing may be obtained by squirting the mass through small holes 
in die plates. In some processes a considerable quantity of paper 
pulp is added to promote mechanical strength. Casein is ex¬ 
truded into final form, and then undergoes a hardening process 
by immersion in formaldehyde. It has been suggested that hard¬ 
ening proceeds as a result of condensation of the aldehyde group 
with the amino groups, not dis-similar to that which ensues in 
the preparation of urea plastics. Casein is not available as a 
molding powder, and competes with other materials primarily 
on the basis of price. Buttons and buckles comprise the biggest 
uses for casein plastics. Button blanks after shaping, may be 
hardened by immersion in formaldehyde. 

Casein adhesives have long been standard in the wood work¬ 
ing field, improved water resistance being obtained through the 
addition of slaked lime in the formulation. These adhesives have 
ecome the subject of extensive experimentation and important 
end uses have developed. Extruded fibers of casein have ap- 
pared in recent years in woven dress goods (“Aralac”), which 
have competed favorably with other synthetic fibers. 

Soyabean Protein: The largest market for soyabean pro- 

^ present is m the production of adhesives for the plywood 
eld. Outstanding contributions have been made in this field by 
A ^^terests in the northwestern part of the United States 

proteins have found 

oxtenderT of molded plastics, generally as 

bean n t ^'“r'naldehyde hardened soya- 

protenTfilir"" 

Soyabean oils have been employed as drying oils in the for 
mu ation of baked varnishes. In addition, various fatty acids de- 
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rived from these oils are eompounded with diamines to pirepare 
synthetic resins. Considerable activity has occurred m the manu- 

facture of soyabean protein fiber, which gi y 

of ioining the casein fibers in the field of dress goods. 

^ Zein: Zein, an alcohol soluble protein derived from corn, 

has been the subject of much investigation for its potential uses 

a" a plasticiser to improve its flow, thou.prop^^ 
tions are required than for soyabean Vrotem and c^e . 

iU S P 1 36B 607), it has been applied most extensively as a coat¬ 
ing matell for wrapping papers, developing more water resist- 

ancG than shellac. 

Equipments for Preparing Molding Compositions 

Ekiuipments and machines 

compositions from ^ tL'^mlterills to be blended, their sus- 

L'ptlbmtT irheathlrdlng, and physical and electrYl P^'. 

desired in the final product. Dryland -^P; Y^TubTcants, 
rently employed in the J th ^ost widely 

dyes, hardening agente Y ’ ii„inates the necessity for solvents 
used. The "dry method eliminate necessary to 

and the P~''‘f“^ YfTonV fibre for shock-resisting molding 

materials or where a large amount ^^ “wet processes may 

plastic are to be blended into the composition, wet 

prove more acceptable. u n rv,. Tt^hhle mill the correct 

Ball and Pebble Mills = In ^pCnion of small balls, 

amount of charge is inixe ^.j, u„i,ned 

and the mill revolved ^ ses me af balls, whereas the pebble 
or has a Y“’.''Yur"or porcelain and employs flint or 

f • r ,IS For Biding and mixing phenolics, burrstone 
porcelain balls. I'or gnn b Ttnnnlar There are also 

lined pebble mills Ywitt porcelain balls (Fig. ID for grind- 

rgrrrweu r r enouc Y^help" r— 

Ter‘Ceitt cTnductlng away the heat generated by m- 
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ternal friction. Porcelain balls used for grinding one colored com¬ 
pound may not be used for another color, without a thorough 
washing and cleansing. 



Fig. 11 -Wafer-jacketed pebble mill for preventing excessive 
heat during grinding and mixing (P. Abbe Inc.) 


For efficient grinding in the ball or pebble mill, the mill 
should be charged with 45 to 50 per cent o( pebbles or balls, 
while the compound being ground should 1111 the voids between 
the balls and cover them to a slight extent. The mill is operated 
at a certain speed and for a definite time to obtain thorough dis¬ 
persion. For example, broken-up stage A phenolic resin or urea 
formaldehyde condensation product from the drying oven are 
added to the rotating mill through a trap door and then the 
.mil allowed to rotate for a period of time. Lubricants, cata- 
ysts, fillers^ dyes, etc., are introduced also and dry-blended with 
the resin which is gradually broken down to a fine powder. After 
a thorough mixing of all ingredients is obtained, samples are 
vnthdrawn from the mill, and the molding qualiUes are tested. 

no up to standard, corrective measures are applied by adding 
further mgredients. Prolonged grinding will produce finer grades 
Of moMmg composition. The charge then is screened and the 

dfif fi a e “ ® ta air-tight drums. If a more 

ensified form of molding composition is desired, the molding 

powder must undergo a further operation on hot mixing rolte 
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Hammer Mils: Hammer mills equipped with rotating ham¬ 
mers are widely used to grind the resin to a suitable degree of 
fineness, though not to the extent attained by the pebble nu . 
Often it is necessary to use a water jacket about the mill to avoi 
excessive temperature rise. Hammer mills have the rotating ham¬ 
mers mounted upon a vertical or horizontal shaft. The composi¬ 
tions are broken down to granular size by impact and may be 
permitted to fall to a bottom screened for the passage » 
tides smaller than the openings in the screen Molding pow^m 
varying from 8 to 60 mesh generally are produced in mills, with 

a minimum of fines below 100 or 200 mesh. 

Hot Mixing Rolls: Highly pohshed steel cylinders cored for 
the circulation of water or steam are revolved toward each other 

at sUghtly different speeds. They are designed so that the op- 
: ator may adjust the horizontal gap between rolls to pro-s 
the materials more satisfactorily in accordance with their bulk_ 
Under the pressure and heat from the rolls the resins are melted 
Tnd I hot blending action takes place in which there is a more 
intimate penetration of the resin into the remainder of the m 
gradients in the molding composition. This serves 

T^oZg rolls also are equipped with heavy doctor blades which 
Inbe turned against the roll and cut or strip the 

rr; ^ :::rors"Ly crtr; 

r" ::t?rLrwrknives and^ fold it back into the mix- 

‘“"S::a““be exercised in the hot b.n^ng of 

thermosetting compomtions^ a^^^^^^^^^^^^ 

and lose desirable molding quahhes if^u 


longed contact with the rolls, 
times within the range of 5 to 15 minutes. 


Some phenolic resins 


times within tne raugt- e. time should be as 

will harden rapidly. ‘t! s^e of which cannot be 

short as a grinding operation, can attain the 

processed satisfacto y followed by lubri- 

entire blending ® hardening agents, are added 

^ rxinTl^ in a " mill will reduce the time re- 
TuIreTon the mixing rolls. The mixture when scraped off of the 
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mixing rolls may be passed immediately through blanketing rolls 

if molding sheets are desired. Otherwise, the cooled material 

is broken up into granular shape through an impact pulverizer or 
grinder. 

Banbury Mixers: The masticator (Banbury) mixer has con¬ 
siderable application in the rubber and plastics industries, wdth 
high outputs and uniform results reported. They have been used 
in place of hot mixing rolls, and are cored and jacketed for 
the circulation of steam or hot oil. All working parts of the ma¬ 
chine are fully enclosed and driven by a large motor. While 
previous mixing of the materials in a ball or pebble mill is not 
necessary when this machine is used, such preliminary operations 
may serve to reduce the time in the masticator mixer. As with 
hot mixing rolls, care must be exercised to avoid polymerizing 
the thermosetting resins to a too-advanced stage, otherwise the 
batch will be spoiled. For this reason thermosetting composi¬ 
tions are cooled as rapidly as possible upon ejection from the 
mixer. 


There are two rotors, each of which has a tip or blade over 
which the stock must pass as the rotors revolve. The walls of 
the mixing chamber are concentric with the rotor, so that the 
bank of stock is acted upon by a tapered-wedge action due to 
the shape of the revolving blade. By forcing the material through 
narrow clearances to the wall, severe masticating action ensues, 
n a^ tion a pressure ram applies positive pressure on the ma- 
tenal fed through the hopper, forcing the charge into the knead¬ 
ing operation. This process has been applied to numerous syn- 
thehc resins and cellulose derivatives (see U.S.P. 2,056,793-4 5 6 7 
0 DuPont Inc, Oct. 6, 1936). It hau been reported that ml 
tication under positive pressure may be effected without the ad- 
d.t.on Of volatile sohenta, though it may require a longer period 
o ime. A typical Banbury mixer is shown in Fig. 12 The chief 
benefits lie in high outputs within short periods of time. 

is thU'hf a difficult mixing problem 

is he blending of thick, dough-like plastic masses of materfaT 

Thermoplastic material, softened by the addifinn 

solvent, is blended with its plastieiJerffn a macMn: of T f 
scription A -p u* i ^ this d6‘- 

because of the li -t '“'o^ding action takes place 

because of the hunted flow of the ingredients of the composftion 
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Fig* 12—Positive masficotion 
mi;cer of the Banbury type 

i Forref-Birminghom Co.) 


When the plasticizer and thermoplastic material have been thor- 
r.wy .Led, they are removed to filter presses tor removmg 

excess solvent as described in the section devoted ‘ ^ j 

Ms Lcription are particularly useful for blending composmons 
tat tannot be handled satisfactorily in dry blending machines 
ufh arball or pebble mills, where a mechanical 
not necessarily produce the intimate blending of a w ct proce . 

Sprav SILxing: Extruders and molders of thermop “ ' 

ticularlv of the vinyls, have found that compounding of 

and resins can be conducted L- 

method, the resin particles are blending 

face by a predetermined amoun P within the 

occurs, for example, in the mimng ac plastic hose 

extrusion machine. Considerable quantities of vmj plaan 


manner 






Chapter HI 


Effects of Fillers 
Upon the Properties of Avoided 


i’^Hlrrs eo unportect role in dt-termining the properties 
<d the thermocvttu)^ plastfe nK^dmg compositionc. Not only do 
ih«y infleeace the method of handling the material during the 
®ohuig operstMm, but they abo sifect the ph^'sical properties 
of the molded psrtJ, This fact u highly significant to engineer- 
utg dssign probirB.*. fw it mesxm that special properties can be 
tWeloped thremgh tiw choice of appropriate fillers. It ia com- 
practice to designate a phenolic molding compositim by its 
niler as, for example, wood'lSourefilled phenolic, or asbi*stos-filled 
phenolic. In this manner the designer t-mphasizos those chanic- 

lirhicli itHKt iTirffKMTtJiiii to Iub 

The km-eost ceUulosic ftUers of wood or nut ahell origin are 
ftmoog the most poptOar. and good, average mechanical chamc- 
t^mics are }>oai<Med by the molded paria. Without fillers of 
«hi» .^*atiire. ths mold shnnksge of thermosetting plasUcs would 
ho excessive. While the nsture of the filler, whe ther it bt meUl 
1^10^ ^ wood flour, doss not slfect tensile properties appreci. 
s >. qualitm Rich as impact strength are profoundly alfected 

_*" '•Iff '« • aumu r of moldabU- com- 

p»i majotiiy ct tbemo|>laMk .jT.il.cOt mrtn.. propci^y 
t». -..t •Wk.ciiw of plMUdwr con- 

la .rti^ mh a. uhrKot frtttM0-bnk« blocks powdered 

for lok^booie «iuipmn.t. or frii^Jp.* wheel .bmaive. 
r«^or cetlutao denr.u»« pUy kw. obvfou. role, u 

*».- '* ’* ‘"'™' *" ‘PPlicaUoo. 

W otb« euaipk. of hl»h r,tlo of Uller, to rein, 

•»d #o» daifac nwMia* ud Iftb tet.rile Wreagu. ,re not ..I 
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tained when complete resin continuity is lost throughout the 

structure because of high percentage of fillers. 

From a fundamental scientific viewpoint, the effect of fillers 

on the properties of molded plastics will depend upon their size, 
porosity, distribution, purity, method of preparation, surface 
characteristics, and their chemical effects upon the resin. Th^e 
characteristics are analyzed by the materials manufacti^ers w o 
study fillers in the light of ease of compounding, moldmg, and 
final properties. In the discussions to follow, the ongin, prepara¬ 
tion, and characteristics of a number of fillers will be re^uewed. 
and significant engineering applications cited. 

Table X 



Classification 


d • 


Organic Origin 


seed hulls 


of Fillers 

Inorganic Origin 

Mineeal Fillers 
A sbestos 
Powdered mica 

SllicateSp clays, kieselguhr, laic 
Barytes 

ttTiltlng 
Pumice, emery 
Zinc oxide, lead oxide, lime 
Calcium sulphide, barium 
sulphide 

POWDERED Metals 
I ron 
L»ead 
Copper 
Aluminum 


CSLLULOSIC 

Wood flour 
Cotton 

Alpha-cellulose 
Paper pulp 
Shredded textiles 
Bagasse, corn husks. 

etc. 

Soya-bean meal 
Sisal 

Cottonseed hulls 
Coconut shells 
Walnutshell 
Tirecord 

CARBONACEOUS 

Graphite 
Carbon black 

MISCELLANEOUS 

Powdered rubber 
Plasticizers 

The important phenolic plastics are classified in ASTM 
n accordance with the various fillers emptoj ed m 
racture. The standard ASTM tyT)es are listed as follow s. 

Type l_UnfiUed, transparent or translucent for electrical and me- 

chanical appUcations electrical and mechani- 

Type 2 -General-purpose, wood-flour-fiUed tor electrical an 

■ ".-r SE rES’ "ss 

Type 4—Isloderate impact streng 

Type ^-^Sdlurn impact atrength material ivlth cotton rag or eduiva- 

Type 6-Hgh impact atrength material with cotton rag, shredded fab- 

ric. or equivalent 
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K Electrical high-frequency, low-loss material with mineral filler 

jpe 8 Superior electrical high-frequency, low-loss material with a 

mineral fill er 

Type 9-General-purpose, mineral-filled for mechanical and electrical 

applications 

Type 10—Heat-resistant, mineral-filled material. 

Classification of Fillers 

Fillers for molded organic plastics may be divided into two 
groups: Organic and inorganic. Many serve to improve the 
physical properties and are looked upon as reinforcing fillers 
Others have no influence on the physical properties but, neverthe- 
ess perform useful functions. For example, they may improve 
electrical and chemical properties, ease of compounding, or re¬ 
duce cost. They are sometimes referred to as inert fillers and 
usually are inorganic in origin. Typical are powdered mica, slate 
flour, barytes, and whiting. It is difficult to recognize the fillers 
by a visual inspection of the molded product, unless the resin is 
present merely as a bonding agent such as in an abrasive grind¬ 
ing wheel. The various fillers used are classified in accordance with 
their origin. 

f ^ following paragraphs some of the more important fillers 
for thermosetting compositions are reviewed. The specific utilifv 
of each filler and its properties are emphasized. 

Wood Flour; One of the first fillers used in molding com 
positions and the most widely used filler today is wood flour It 
serve, to reduce the cost ot the molded article, because i”' low 
molded specmc gravity permits the attainment a greater v^ 

““““S materiai. When com 

pared with inorganic fillers high in specific ^ravitv ii T 
miers have a marked advantage on a volumetasis ’ 

In the preparation of wood flour, sawdust and .a ■ 
sometimes are empioyed ai raw materiais. In recent veL T" 
care has been exercised in the selection, origin and nrena' 
the woods. Soft woods from pine, Norway & snrnr a “ 
trees, as weU as hard woods from birc^ maple a'd'oTr^ 
serve as raw materials. Impurities such as bark nr , . 

eliminated, while a control is exercised over the r , 
gum content, residual moisture, and mesh si. t “‘“'’“I 

-ugh the sise Of the particles’ m^ r;\ridlCt;:: mfh 
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size of wood flour employed in molding compositions is about ^ 
The significance of grinding and pulverizing the batches o w ^ 
in different nulls has been brought out by some investigators 

For example, it has been pointed out 

wood flour, in which the fibrous nature of the P^rticl^ is a 
fected so that a random distribution of fibers rather t^^an pre¬ 
ferred alignment is produced, tends to give higher strength to 

molded articles. 

In general, a thorough blending of the wood flour and r«m 
is resisted when the eeliulosie flbers tend to knit together m a 
closely aligned group, and also when a high proportion of the 
n^ral eonLt and lignin are present. Other factors aUoi. 
fluenee the preparation of wood flour compositions. 
mesh size of particles is determined from a numbe 
They include ease of compounding, preforming P^P'^'cs, mo.d^ 
•ngqualities. and appearance of the flnished -Id^^ 

IS desirao . rpmove excess moisture and stored m air- 

flour is oven-dned to remove excesas* mu 

tight drums until ready for compounding. 

As a general purpose material, wood flour enhances a num- 

her of properties of the f 

promise among high-tensile strength, good elec- 

cellent appearance, good molding, n g the 

trieal h“ d-flour-fllled' phenoUc eomposi- 

characteristics displayed y ^ « 11^,1 Phenolic compositions 

tlons. Many applications of ' telephone housmg 

n': r 11 .:^^" « 0^ wood-flour^hed 

phenoUc compositions. High g dimensional accuracy 

ished mold, good flow properties, and g<^ 

are displayed. Electrical ^ automobile 'systems. 

units of this "r:\eert.v ^ne"ed ut^a or melamine 
Tu^ haimToved more satisiaetory- for aircraft ignition hous- 
ings at high altitudes because of supeno 

Temperature UmitaUons are imposed upon ph 

. _ v rB*ll«5-Ocl. 16. 150 , oa. 1938 . 
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parts employing woodflour fillers. Continuous operation above 
250-275 F is infrequent because of the permanent reduction in 
physical properties due to deterioration of the cellulose. However, 
the low thermal conductivity is advantageous to oven control knobs. 
Impact strength of woodflour-filled compositions is only ® 

and if high impact is required some cotton or fabric fillers are 
included. If improved heat resistance is desired some mineral 




7 3—Housings formed in sfeef dies 


under hydraulic pressure 


fillers may be included with ‘"e wood*<>ur.^^nE 
the influence of application upon the type of mold „ 

determined by its filler. interest from time to time in 

There has been considerable 3 ^eh mold- 

resin are employed. Some ,‘Uber or non- 

ing, however, by prior coa^ng 

ihan into the filler. Dry blending of fillers and resin 

this optimum relation. p^iiulose of a Ught bleached 

^Ipha-CeU-ose: P-fied^-;/^ eeUr^se 

pulp IS used f H and introduced into the blending tank 

Xa^ earrs'tagfof Ihe urea-formaldehyde resin. Inasmuch as 









EFFECTS OF FILLERS 


105 


the urea plastics are characteristically translucent, the filler must 
e clean and free from all impurities. Thorough wetting and 
penetration of the alpha-cellulose fillers by the urea resin pro¬ 
mo es translucency and permits attainment of many light shades 
and colors. Many of the desirable physical properties of urea 
p astics are rendered permanent by the addition of alpha-cellulose, 
w 1 C vastly improves the utility of these materials. While or- 
inary wood fiour has been used in lieu of alpha-cellulose in urea- 
P astic compositions, it is suited only to the darker shades of 
CO or. It IS, however, less expensive than the alpha-cellulose. 

Cottou Fillers: Cotton fillers are introduced into molding 
compositions to improve impact qualities, though not to the same 

tatTd However, surface appearance is main- 

tained and desirable physical properties are transmitted to the 

a^'fluffv fr^d ■ ^ size 

uff> product IS formed, tending to clot and sometimes requir- 

g screening pnor to mixing with the resin. Cost of this cotton 

flock IS appreciably more than wood flour, a factor which no doubt 

has been a deterrent to its more extensive use. Cheaper cotton 

hnters sometimes are used as fillers, though they are not as free 

om impurities as the higher grade cotton flock. 

Cotton fillers are also used in combination with other fillers 

certain qualities, such as low dielectric loss, not ob- 
ained with cotton fillers alone. Powdered mica, on the ker 

fille"^ There ““on 

Hers There is growing interest in oriented high-strength cot 
ton-fiber pads saturated with phenolic resins, which lead them 
seves to the production of sheets or molded parts 000 ^“' 
facturers product C'Avtex”), shows tensile strengths aho„! T IT 
that of a wood-flour-filled molding composition, ® 

aper and Pulp. Paper and pulp products are destined to 
play increasingly prominent roles in the prenaratiou r ' ‘ 

composiuons. While ordinary shredded paper may wt!l ® 

a filler in molding compounds, interest of the mLers T 

varieties which offer many possibilities: distinct 

1. Lay-ups of resin and paner ^ 

tions of molded articles (for example, "Rogers-boL?)" 


2 . 


Resin-impregnated paper which previously has been creped to 
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assist flow during molding. This has been a useful product in molding 
thin-walled instrument cases and the like 

3 Resin-impregnated pulp preforms with close interlacing of 
cellulosic flbers, laid up on a vacuum screen 

to the mold dimensions. For preparing molding composition in toe 

development of large, contoured surfaces, this 

will be fostered by the paper industry to be of service p 

molders. 

In the latter method, the predistribution of resin and rein¬ 
forcing fillers greatly assists the molding operation, ^nal pro - 
nets show a remarkably high tensile strength-about double that 
of ordinary molded parts—when the resin impregnation is co 
ducted in the wet slurry before the paper fibers are given final 

shape on the vacuum screen. 

Sisal Rbers: Also in fulfillment of the demand for prefonM 
containing a predistribution of flbers and resin, Phe^ohc^sm-msa 
pads have been featured In numerous articles such as jWed 
droppable fuel tanks and helmets (Fig. 14). A batting of sisal 



p* 14—Preform and mo 


Photo, courtesy ColumWan Rope Co 
Ided helmet of phenolie-resin-sisal fiber 








effects of fillers 


107 


fibers is immersed in a phenolic resin solution, squeezed of excess 
resin, and sold as resin impregnated pads ("Corolite”). 

nr Products: Inclusion of shredded textile 

° ded plastics, has been one important factor in pro- 

application of plastics to machines. Parts molded with 
abnc filler display considerably greater impact strength than 

oact Tr fT f materials. An increase in im- 

DlastiP^ K ° ^ wood-flour-filled 

Pkst cs has been noted for fabric-filled molded parts. The shred¬ 
ded textile fillers include miscellaneous textile clippings shear- 
mgs, and scrap. The added strength of the molded pleo; is due 
only to the strength of the flber but also to the spinning 
weamng, or cross-locking of the libers. In eSect, molded plastics' 
"1 s redded-fabnc fillers, represent an intermediary stage be- 

wrtsr''t 7 “'" canvas-base plas- 

he us Of mowed plastics with shredded-fabric filler, often o7” 
looked for mechanical properties. 

Surface finish is mottled udth u 4. 

the fabric filler, lacking smooth, uniform texturTS^r en"""* 
as wood flour. In the case nf * exture of other fillers, such 

on-. Where large fabric-filled moTdC” 

v%'idely used and subject to much abnfe ’» ^ several pounds, are 

Fulfillment of the mechanical and chem^clTleZ '^ concern. 

mount in these examples, which are sensed by no^ 

fabric-filled phenolic plastic. ^ better material than 

-• If the part molded with shrpdri^iri -fou*.* 

Ishing operations, such as sanding or grindine ftirther fin- 

tnmmed edge is not easily obtained. The r7if cont7r' “ 

Chined, but strands of fiber clincHntr f content may be ma- 

matcrial may leave a coarse finish on thrmSed^edgl 
that'they may ntt^tTrlTrm^eVL'Iet^^^^^ 

prior to molding, and slow do^vm the molding cycle” Products, 

In spite of the limitations of shredded fabHr. mi j , 
notably those which necessitate bulky 7lds d7 t 

preforming the powder automatically, there is incr “ 
for this material in engineering derigns hv r * 

impact strength. Among the designs which ha^”" “t 

matenal are small molded gears and couplings, light7e.Xl«! 
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able machine housings, aircraft control cable pulleys, rayon spm- 
ning buckets and many others. A molded heavy-duty fishing 
reel of impact-resisting phenolic is shown in Fig. 15. Many of 
the molded parts manufactured for the armed services in World 
War n were molded of impact-resisting phenolics, which offered 
good serviceability under much mechanical abuse. 



Fig_ ]5—Impact-resisting molded fishing reel 

r Tire-Cord Filler; Offering impact strength 
;hat of the shredded-fabric-filled variety, tire-cor - e 
ohenolics fullill maximum impact requiremen s. 
the tire-cord-filled material during molding entails additional pr 

ems, the mechanical advantages of the ftnal “ 

factors. The material was developed for the same types of ap 

plications as the shredded-fabric-filled variety. 

Miseellaneous Organic Fillers: Many 

rd-tabric materials. The substitutes either failed to exh^^.t 

4-* nrnnprties OF Were too high in cost. » 

S::”: hip and Llften are 

high moisture absorption in some cases places rest 
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Of I'-vesti- 

mnirn outstanding as yet. While various 

o ded compositions have appeared in which the natural binder 

content is used rather than the synthetic resin, they lack the me¬ 
chanical properties of synthetic plastics 

Other organic fillers of note are powdered cork and pow- 

ff m IH a ' *“ gravity 

of molded pieces, and the latter increases the coefficient of fric 

tion on the rubbing surface, 

the saTe^stum" Ooea not have 

i, cance to synthetic resin compositions as it has 

0 na ura rubber, where it permits the attainment of superior 

physical properties. It is useful, however, for its high sZenZ 

power m small quantities, though a minimum is used in molded 

compositions intended for electrical applications. Neverttele^ 

pecial grades of carbon and graphite are employed in the manu ’ 

-tnre of resin-bonded resistors and commntaL brusLs for eiec- 

rLsrc^p^ss^iireSr r “ 

t; passage oi electrical current*? i*? 
in part by the carbon-to-resin ratio + 1 , determined 

-mg fbe ro.r la¬ 

under large loLs an^hi“h\reedrthe^dW^^^^^^ 
terial ntb ^ ^ conductivity of the bearin<>- ma 

Xsis°L^:;rr“ --- 

in the plasuir if fte°c”offfcOor'the”roVff ?"fl' 

about 10 per cent acetylene black will render fhe m " 

positions electrically conductive, a factor which h 

useful in preheating molding materials by ilw^ 

methods. iow-frequency resistance 

Asbestos; Molding and casting resins fin/i • i. 
which will reduce mold shrinkaae to «h / ^ asbestos a filler 

with other fillers Asbestf s t tf . ■'aalised 

for molded plastics. It is an inorc • ^ mineral filler 

-ed to as rock wool, - th^s “.rertrn ^ 
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the plastics trades, all purporting to fulfill a number of desirable 
properties. Fine fiber asbestos, known as “floats”, is appUed wide¬ 
ly in molding compositions requiring resistance to chemicals and 
high temperatures. Asbestos is a splendid heat insulation and 
enables molded parts to withstand temperatures considerably in 
excess of that normally allowed by the resin content, though the 
actual thermal conductivity of asbestos-filled plastics is higher 
than wood-filled plastics. Though the shorter and finer grades of 
asbestos will ^ve a better surface finish, they will not impart as 
high an impact strength to the piece as will the larger asbestos 
fibers. To retain full strength, the easily broken asbestos fibers 
are handled carefully at the time of resin impregnation, to insure 
full coverage of the large fibers. The long fibers are prefers > 
blended to the resin without rolling or grinding, by employing a 
resin varnish for impregnating. Special precautions must be mmn- 
tained during the molding operations to insure the proper fi ^ g 
of the mold cavities. Shorter asbestos fibers are incorporated ^ 
molding compositions by the conventional dry processes, in su 

asbestos is superior to wood flour in its g^eral 

resistance to chemicals and moisture. These c arac 
displayed to best advantage in miscellaneous chemical app ^ 
and accessories. Small towers and chemical storage “ ® _ 

been made of a special phenolic-asbestos composition, resisting 

most acids and alkaUes, except strong oxid^ing acids In some 

applications, resin-impregnated asbestos has been ^PP 

metal surfaces. For good electrical properties, asbestos must 

purified so as not to affect dielectric qualities. 

Heat-resisting applications of . j ula- 

nnl'ic mastics are numerous and include electrical switch insula 

tion. ash trays, cord connectors, plugs, 

best elert P asbestos-fllled phenolics increases the 

specific gravity ot moiaeu do has been found 

cost appreciably, though no sui a ® ^ Asbestos-filled, 

which will combine ^"“^^‘^r.yShetic resin binder 
eold-moMed compositions of ^ny dedrabr quaUties, though a 
nre well known and i, ^proved, and 

retention of strength after prolonged exposure to g 
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ures IS also a factor in their favor. “-Other applications include 
brake linings and clutch faces in which a high proportion of 

ler to resin is present, where the resin acts more in the ca¬ 
pacity of a binding agent for the asbestos. 

Mica: As an insulating material, both at high and low tem¬ 
peratures, mica has few rivals. Chemically, mica is a complex 
orm o an aluminum silicate and potassium or magnesium sili- 
cate Various commercial grades are available that are stained, 
spo e or clear. In molding compositions the mica splints are 
ground up to a fine mesh size, just like any other filler, and in¬ 
troduced into the molding composition. It may be necessary to 
add some fibrous filler as a reinforcing material as mica-filled 
P enohcs tend to be brittle. Powdered mica phenolics constitute 
a group of highly desirable materials, known as low-loss materials, 

d exhibit superior insulating properties particularly at radio 
irequencies. 

bonded to- 

g er bj an alkyd or phenolic resin. The proportion of filler 
raold^!)"' *” **'*'''' instances. Among the applications of 

houJngs’”r ‘^1 m oondenser 

dielectric 1 wireless equipment where low 

abso^tion IS another advantage in favor of the plastic material. 

hot m abrasives are not employed as fillers in 

withTb * ““P^^tiono. they may be mentioned in connection 

re^ta tT", ® ^ synthetic 

whTels emoT , ^ ^•'“nbc-resin-bonded abrasive 

as cut o7 a T" r “’'Wc as an abrasive are widely used 

alllf t Approximately 90 per cent of 

comn »■ j’"'' •’y "“Sht, is present in these 

rentirL'rr' y“*batic-resm-bonded silicon carbide also is cur- 
enth used on an important grade of flexible abrasive belts ner- 

to gl Jbrdto‘J"" “ detrimental 

Diatomaceons Silica: Another example of an inorganic fill 
for molded phenolics is diatomaceons sihea, obtained from fl'u 

nianne deposits of microscopic plants It ha«? a ^ 

low specific r.ff ' . ‘ ” comparatively 

w specinc gravity, offering certain advantages in nr,-r.ra 

tages accruing from the use of this filler and other inor- 
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ganic materials of a similar nature are an increase in surface 
hardness, lower cost per pound of molding material, improved 
electrical properties, and lower water absorption. These advan¬ 
tages are offset somewhat by increased brittleness. Battery cases 
and battery plate separators have been molded with this material 
present as a filler, contributing to improved chemical resistance. 

Barytes: Barytes or barium sulphate fillers are well known 
in synthetic resin molding compositions by reason of their inert¬ 
ness and resistance to various acids. A specially prepared ma¬ 
terial, blanc-fixe, obtained in a white powdered form by treating 
barium salts with sulphuric acid, also is used in compounding. 
iThe barytes are used also in the preparation of cold-molded com¬ 
positions, lowering the cost and improving the resistance to high 
temperature.. iLy serve to Ml voids between asbestos Mlers. 


:hus yielding a denser article. 

Whiting: Whiting, obtained by grinding limestone rcalcium 
carbonate) is widely used in rubber compounding, though con¬ 
siderable use is found for it in phenolic compositions. Cold molded 
phenolics use whiting in conjunction with asbestos as fillers for 
many compositions, the whiting permeating the fibrous structure 

of the asbestos. . . t 

IVIiscellaneous Inorganic Fillers: Types of inorganic tninera 

fillers that have been applied to molded plastics are s® 
fled, and cover such a broad field of appUcation that K would 
serve litUe purpose to attempt to discuss the characteristics of 
each. Rather a few general remarks wall be made pointing ou 
the analytical reasons governing their selection. Cost o ^ 
and their specific gravity are important considerations, 
as fillers with high molded specific granty will not give « ^ 
volume of molded products as an equivalent weight « 

composition with low specific gravity fillers. T is p 
disa^antage some fillers such as zinc oxide and hthopone, 

have high specific gravities (5.6 and 4.1). 

Often inorganic fillers are added to develop cer am P P 

ties which the resin or organic fillers do not ““f 
Hardness and inertness to chemical attack are two prune re 
sons for the widespread use of inorganic fillers. There are o e 

properties such as lubricating XrexampTe theT 

velopment of luminescent qualities in molding materials, chien. 
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through the use of specially prepared calcium sulphide. It might 

^ greater success has been encountered with the 

addition of these fluorescent inorganic fillers to thermoplastics 

an o ot ler compositions. Several promising fluorescent mold- 
mg materials are now in development which will find wide use 
m the home and on automobile accessories. 

Summarizing, it is possible to list those qualities of organic 
and inorganic fillers which make them useful additions to mold¬ 
ing compositions. While no one filler possesses all of the proper- 
les tabulated below, some exhibit various combinations: 


1 . 

9 


O • 

f 

1 • 


D. 


6 . 


I. 

S. 


o 

10 . 

11 . 


Low cost and large supply of raw materials 
Low specific gravity in the molded form 
Ease of compounding into molding compositions 
^ snd absence of unsuitable impurities 

poslLn^s preparation for introduction into com- 

effect on other ingredient? 
of molding composition and the mold steel 

Improvement in molding qualities, and preforming qualities 

mprovement in physical properties, notably impact strength 
Improvement in electrical properties 

Improvement in behavior toward heat 

Reduced shrinkage of molded parts. 


for The growing importance of metal powders 

powder mltr, attention. While many 

Ldprh 1 prepared at high temperatures and 

there “f organic plastic binders, 

ot an insular from the addition 

dPv 1 medium as a binder for the metal powders In 

fo metal- 

in nfr I preponderantly metallic 

is nou at-aiiabie*'"*”' a "rll-known commercially used metal 

be brittle “Otallic powders have tended to 

e bnttle ,n the absence of a fibrous filler unless some metallic 

much ‘bough at the same time thermal conductivity is 

much improved. Adverse effects, of course accrue r 

better knrkt.-r, • u o ^ ^ discussion of some of the 

ter know n resm-bonded metal powders follows : 

1 - Powdered Iron: In certain elecfnVai --a 
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molded from iron powder possess unique electrical properties at 
radio frequencies and permit the development of smaller coils with 
less copper. Exhibiting a permeability as high as 4, space re¬ 
quirements are reduced, and at the same time the figure of merit 
of the coil (ratio of inductance to resistance) is increased. Dam- 
Ing eddy currents are kept to a nunimum inasmuch as the 
iron is in a finely divided form and separated by a synthetic resin 

with good insulating properties. Phenolics, polystyrenes, and 

urea plastics have been mentioned as various binders for pow ere 
cores of this description and have been reviewed in detail. e 
iron powder may be prepared by electrolytic methods, reduction 
from the oxide, thermal decomposition of the car ony , or ^rom 
scrap stock in rolling or grinding operations. The small spheres 
produced from iron carbonyl offer minimum internal friction d 

ing molding. 

2 POWDBKED lead; Yielding a moided product with a high 
specific gravity, lead powder has been of 

: a b^ringUerial, where the self-lubricating qualities of lead 

were deemed desirable. In developing a composition , 

• V » balance must be reached whereby physical propertes such 

as impact resistance are not too adversely not\” too 

"ghly'^coveLTthT^ih! othervSse lubricating quaUties of 

Tra“:ortant application of powdered lead and phen^c 
resin binders made its appearance in 1945, 

ible bullet was developed for the the 

ea^ng a tell-tale mark to record the hit. With - 
above 5.0. they could be handled in standard machine gun equ p 

ments. ‘ • 

3. POWDEEED AbDMmuM AND been used 

ing unusual decorative value, powdered ^^^ 33 . 

in thermoplastic molding composition . throughout cellu- 

.00001 to .00007-inch thick, oriented at rando 

-^ietal Powders and Plastic Binders”. J. Belmonte, Jlfodem Plostlcs-Page 

1939 . 
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lose plastic compositions. Light rays are reflected from the sur¬ 
face in every direction giving a sparkling effect. A thin film 
covers the outside, preventing tarnishing or change in reflecting 
qualities. The powders that are employed in these compositions 
are referred to as "lining powders". They are produced under 
repeated blows, such as stamping, in which the particles not only 
are reduced to a flake-like form but also retain the metallic luster 
by the burnishing action. Also of note are cellulose plastic com¬ 
positions employing scrap turnings of brass, steel, or aluminum 
for decorative purposes. 

Metal-graphitic grades of resin-bonded motor brushes have 
employed relatively large proportions of powdered copper. The 
copper serves to reduce the brush electrical resistance, yielding 
a commutator brush suited to low-voltage machines, such as elec¬ 
troplating generators, where a minimum brush drop is imperative. 

Phenolic and alkyd resins have been used as binders for such 
brush compositions. 

With this brief review of metallic powders as fillers, the 
significance of fillers as an alloying agent for numerous plastics 
IS emphasized again. While actual chemical combination does 
not take place between the filler and resin, a physical combina¬ 
tion ensues which serves to develop desirable properties of both 
materials. Thus it is seen that control over the nature and quality 
of the resin, as well as the filler content, permits the develop¬ 
ment of many materials useful for engineering purpo.ses. 


Chapter IV 

Physical Properties of Plastic Materials 


Organic plastics in cast, laminated or molded form are en¬ 
gineering materials of construction. They may compete with or 
supplement existing designs in wood, and ferrous or nonferrous 
alloys. In this chapter, the physical properties of the plastics are 
examined and in some instances compared with other materials. 
This examination will not only report values determined by ASTM 
standards, which are universally employed by the major materials 
manufacturers, but will also include sufficient data to enable en¬ 
gineers and designers to determine the performance of the plas¬ 
tics at temperature extremes. Plastics are basically temperature- 
sensitive materials, differing only in the degree to which t^ey ex¬ 
hibit this temperature sensitivity. They have been formulated to 
be molded or laminated under heat and pressure, and in their final 
form manifest variation of properties with temperature. 

The physical properties of most plastics change not on y wi 
temperature, but in some instances with variations in 
content. To understand the plastics, one must a so 
behavior in weather exposure, under humidities and in 

the presence of sunlight. Water already has been J^entified a 

S“nt of these Lterials. Not all plastics, however, have 

their physical properties dependent upon humidity, 

of the materials are quite impervious. In general, the ^ect of 

chemicals or solvents upon plastics can be o owe 

change in some physical characteristic. . anolv 

The designer employing plastics materials must not Y 

inferpret these results In the light of —™ 

For example, the fact that a certain molding “mpoun 

-r ht cr; 

S a plasto material. Final properties are closely dependent up 
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on manufacturing methods and the properties of a plastic should 
be qualified by some reference to the method of production. 

The range in physical properties emphasizes the versatility 
of plastics. Through compounding with various fillers and plas¬ 
ticizers, any degree of toughness or elongation may be obtained. 

IS important that test data be obtained by approved, accepted 
s an ard testing techniques if comparisons with other materials 
are .0 be effectively made. For this reason, applicable standard 
testing methods «111 be cited in the chapters on properties. 


Specific Gravity 

therJV a' “"n a "fP°rt‘>We machines, 

materials i 

«-eieh t '«act appreciable savings In 

LTecl on a"”!.' is 

be taken into c * n factors must 

X™ he . I” Sener.1 plastics average about 

oncsi.xth the weight of steel and one-half the weieht of nlnm 

of wood Of th« ,^1 ® ''®‘S:ht of the more common species 

eific grant? (10,1 potasses the lowest spe- 

li.s.ed in TwblI XI,! Comparative values are 

upon the method of manufacture I ^ 1 ,°'^ Plasticizers, but also 

fillers it was pointed out that specifle gravitienrh-"h 

obtained with powdered lead flhers in snecial m® ““ 

for aircraft gunnery practice bullets The othrltr “”PP“"‘’= 
■n the manufacture of low-densitv hnhbi m? ^ appears 

have densities as low as 2 pounds per cubic'll “ a, 

this chapter some of tVio wi, . • of 

tics are tabulated. PlastiL'Ire inr’’H'^"“ 'ow-density plas- 

instl “atorials, and 


mav 


. ^ -- va 

ized engineering requirements 
uompautive molding materials cost the sail 

se.ection of the lower-speciflc-gravitv mat • i * Pound basis, 

mg equivalence in propertv values and mohr 0>>''mus, assum- 

- mes and molding qualities. Aside 
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from their low average specific gravities, plastics have another 
weight advantage over other materials of construction, in that 
a given mass of material may be molded or laminated easily into 
an efficient structural design embodying integral reinforcing ribs 

or stiffening members. 


Tensile Properties 


In their broadest physical classification, plastics may be de¬ 
scribed as rigid and nonrigid materials. This distinction .s pure¬ 
ly arbitrary and based upon the relative amounts of elonga 
tlon The stiff, rigid types do not usually have more than severa 
per cent elongation below the elastic limit, though the nonng.d 
varieties may stretch more than 100 per cent. T^he 

sistance with low-temperature flexibility in a number of important 


Table xn 


Specific Gravities and Weights of Plastics 


Plastic Material 

Phenol formaldehyde 
Molded 
Molded 
Molded 
Laminated 
Laminated 
Laminated 

Urea formaldehyde (molded) 

Polystyrene 

Polydichlorostyrene 

Polyvinyl chloride acetate 
Cellulose acetate 
Cellulose acetate 
Cellulose acetate butyrate 
Cellulose propionate 
Shellac 

Ethyl cellulose 
Methyl methacrylate 
Cellulose nitrate 
Casein plastic 
Allyl type 
Polyvinyl chloride 
Polyvinylidene chloride 
Polytetrafluoroethylene 
Cumarone-Indene 

Polyvinyl acetate 
Cold molded bitumen 
Polyamide 
Polyethylene 

Aluminum . 

Steel .. 

Rubber, hard . 

Porcelain . 

Maple . 

Oak .. 

Asbestos , ... 

Glass plate . 


Description 

Cast resin .. 

Wood-flour filler . ... 

Fabric filler . 

Asbestos filler . 

paper base .. 

Fabric base . 

Asbestos paper base . 

Alpha cellulose . 

olded »•••• .. 

Molded . 

Unfilled plastic - 

Sheet .. .. 

Molded ... 

Molded . 

Molded . 

Molded . 

Sheet .. 

Molded .... * 

Sheet .. 

Pure resin . 

Cast .. 

Pure resin . 

Filament 

Sheet -. *.. 

Pure resin . 

Pure resin.. 

Asbestos filler. 

Molded . 

Sheet . 



Specific 

Gravity 

1.27- 1.32 

1.34- 1.52 
1,.37-1.40 
1.70-2.09 

1.34- 1.55 

1.34- 1,55 
1.60-1.65 
1.4S-1.50 
1.05-1.07 

1.38 

1.34- 1.36 

1.27- L37 

1.27- 1.63 
1.21 
1.19 

1.1 -2.7 
1.14 
1.18 

1.35- 1.60 
1.33 
1.32 

1.4 

1.6 - 1 . 1 5 
2.1 
l.OS 
1.19 
2.00 
1.14 
.92 

2.7 

7.8 

1.15-1.25 

2.3 

.68 

.86 

3.0 

2.5 


Weight 

(Ib/cu/in.) 

.046 -.047 
.0485-. 055 
.0496-. 0506 
.0615-.0756 
.0485-.0561 
.0485-.0561 
.0579-. 0597 
.0535-. 0542 
.038 -.0387 
.050 

.0485-.0492 
.0460-.0496 
.0460-.0590 
.0436 
.043 

.040 -.0975 
.0412 
.0427 
.0488-.0578 
.0481 
.0483 
.0506 
.0378--0633 
.076 
.0391 
.043 
.072 
.0412 
.0332 

.0977 

.282 

0416-.0452 

.0832 

.0246 

.0311 

.108 

.0905 


Specific 

Weight 

(cu/ln/ib) 

21 - 8 - 21.0 

20.6-18.2 

20-2-19.8 

16.3- 13.2 
20.7-17.7 

20.7- 17.7 

17.3- 16.8 

18.7- 18.4 

26.3- 25.8 
20.0 

20.6-20.3 

21 ^ 8 - 20.2 

21.8- 17.0 

22.9 

23.1 
25.0-10.2 

24.3 

23.4 
20.5-17.3 

20.8 

20.9 

19.8 

15.8- 17.3 

13.1 

25.5 

23.1 

13.9 
24.3 

30.1 

10.2 
3.42 

24.0-22.1 

12.0 

40.6 
32.2 

9.25 

11.0 










































PHYSICAL PROPERTIES 


119 


industrial goods. On the other hand, the stiff, rigid type of plas- 

ic appears in cast, laminated, and molded products fulfilling nu¬ 
merous engineering functions. ® 

The tensile strength of plastic materials is dependent upon 

ZrruaonTfli; polymerisation, nature and 

humHitv I f of plasticisers, temperature and 

examSed m manufacture. Some of these factors are 

graZ oomprehensive detail in the following para- 

the “ghe? Z n sooorally is recognised that 

tensile Zeneth^ 1“ Polymerization, the greater will be the 

develop their^te materials 

establfehment f T ™d the 

a resin convert Zm a ItaZTo’^r'^^i ““‘ocules. After 

be tom apart readily due to ite Lf t -f “ 
polymerisation proceeds tonsil * PK>perties. As the 

form a strong, rigid stnicture. An ^ZntTudT 

dependence of polyvinyl copolZers upon P^P^ty 

Weight. The eraHnoi 1 , • . ^ 3'Verage molecular 

elasticity, and tensile strengtras'a toctf th^''’ 
merisation, as brought out in the cuZe of mTltZT Zf 
representative of similar thermoplastics The; \ ^ 

polyvinyl copolymers are obtained from the h h 

weight compounds. “olecular 

Variation of tensile properties ■nrifH a 

tion is not limited to the synthetic resin beSsrrec 

tions upon fractionated cellulose derivatives . mvestiga- 

pendence upon the degree of polymerisation 

sidered is the effect of side ZZ ?' . 

produce a marked lowering o/theZslI '^''*oh will 

in sise. For example, relationshins h Z ^ fl’oy ffrow 

the tensile strength of cellulose esteT a^rZ 

bon atoms in the substituent srroun. J ^ 'nr- 

aynthetic resins, increased plasticftyZTf 'haln. For 

may develop with polymers formed from hiZ'*^ strength 

•n^omers of a given series. This, for examZZ 

•a- c„™., 3, . _ P ’ '’“n reported 

• -.M. a S„. d “»■ 0«>- W35. 



120 


PLASTICS IN ENGINEERING 


for the acrylics*, part of the data being tabulated in Table xni. 

Nature and Distribution of Fillers: When fillers are discon¬ 
nected and randomly distributed, they do not have much bearing 
upon the ultimate tensile strength, though they do exert con¬ 
siderable influence upon impact, flexural strength, and creep. How¬ 
ever, when they are present in proportions such that the cohesive 



forces betwen resin molecules are overshadowed by the adhesive 

forces between filler particles through the resin, the 

identity of the fillers are important in deteimmng ® ® ® 

erties. In cold-molded compositions where ttere 

the resin when molding under pressure, the tensi e p P 

of the final substances are relatively low and are ^ 

ly by fillers present. Closely interlaced fillers which 

in resin pulp preforms, sisal fiber pads, or combed cotton or 

glass fibers, may yield molded or laininated 

^ aboTtwice that of ordinary wood-flour-filled phenolic conipo- 

ture of laminated products, where continuous 

woven textile product will exert a major influence on ten P P 

erties. Continuous m len^h "e™ 
tension, they are capable of absorbing so 


.. —Pas© 159t Oct.* 1938 

— 'K’^nnelly— Trans, Elec. Chem. ooc. b 

• Dittmar, Strain ana Kennei y 
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“mI h T . ^ example, on- 

rrr, ““ of ^yntheUo 

resms mil exhibit tensile strenith in excess of 100,000 psi. Spe- 

tie nr^t r?"' (“Fortisan”) woven into tex- 

t le products also contribute to the development of exceptionally 

g stren^-weight ratios among the laminated products. 

Proporhons of Plasticisers: As already pointed out plan- 

ticizers play an important role in the manufacture of certain ther- 

moM^r Afth™'^' dosirable flow properties during 

s- e same time, physical properties will vary in ac- 


Table xni 

Properties of MethacryUc Esters 

Thermal 

Polymerized Uesln (degrees® Cent ) Strength 

Methyl methacrylate ^ 

Ethyl methacrylate . 9000 

methacrylate !.’!!! !. .-lo 5000 

formal butyl methacrylate ... . oa 4000 

. 1500 

“d rthe'; s "Th 

sile strength imnact <?t ft, ’ ^ Wly to elongation, ten- 
molding grade of cpII / compressive strength, of a 

generahy are 0^110^' ^^^li«es 

though this may not be obSorab^;' LlTanT"'"’ "" 

fo^ the Piasucised tfe^pi^sJc:"’"T 
be ascertained from the tensile produof, defined 

Tensile Product = Elongation at Break x Ultimate Tensile 

Strength (psi) 

nior/lg^Lr;! ‘ttirstnl''““ -- 

arriving at the toughness still ® t’v, * account in 

ation of toughness is a measureme^orth 
strain curve. This index, once again • ^*i T*® 

■ag the properties of metals,^ giwlg mtlTth 

giving little thought to variation in 
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physical properties over small temperature variations such as those 
encountered in temperate zones. For metals, this is satisfactory, 
inasmuch as only exceptionally low or high temperatures serious- 
Iv affect the physical behavior. This habit should not necessarily 
pasf» to pLL, which are profoundly affected by changes in 
temperature. While tensile strength may increase at low tern- 


10.000 


Cr 

o 8.000 
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increasing proportion of plasticizer 


.0 


CELLULOSE ACETATE 
REG- COMP. GRADE’TENITE 


pfg. 17 -Bffect of plasticizer on properties of cellulose acetate 

perature, elongation may fall off much r--" ‘“Sble 

brittle plastic product. Low-temperature Bexibihty is a dM 
trait if toughness is to be retained. The stress-strain curves re 

produced in the accompanying figures show 

in polymethyl methacrylate (Fijr. 18) taken from ® J P cellulose 
toe* Td variations with temperature J 

acetate sheet (Fig. 19) from a paper by I-hwton, ’ 

™on Jg decrease in elongation at lower ‘-perat^es^- 
apparent for both thermoplastics. In another senes 

1944 . 
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well and Nason determined the change in ultimate tensile strength 

1 “d thermosetting compounds with 

vanations m temperaturef. These data demonstrate the greater 

20^ *' Amona tr^^” P^Perties of thermosetting compounds (.Fig. 

( y on) offer the greatest tensile strength at the higher tempera- 
tures of operation. ^ 



Fig. 




Dependence of tensile strength and e/o; 

acrylics on femperafure 



tiiese aata indicate the «.p a 

tensile strength at higher temperatures ther * ‘!'”P®'^ture upon 
to be considered, namely the effect of co^ “°ther factor 





















































124 


PLASTICS IN ENGINEERING 



r„ to to^to onJ .tons.lto. -Jto tomp.™,.™ d.«PS.s •< 

Fig. Jy vonan cellulose acetate sheet 


tensile 
lished 
suits will 




pact 
perature 


igth, measured at room temperature. Not 
tove appeared on this characteristic, thou^ s _ 

ven for the effects on Bexural stren^ 
agth In general, while continued heating at ^ tern- 
may entail at first slightly higher tensile strengt , 
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V) 

Q. 



f'9- 20 ThermoseHing compounds (lower 


'■''•"t'^unas {lower sef of eurva^l 
col properfies ihon do the fhermopTastk!'’*"' 
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to continued polymerization or to loss of plasticizer, if the tem¬ 
perature is sufficiently high to cause deterioration of the filler or 

resin, the tensile strength may ultimately fall off. 

Hamidity: Water acts as a plasticizer for many plastics, 

tending to reduce tensile strength and modulus of elasticity, though 
increasing ductility and toughness. For water-soluble plastics such 
“thyl cellulL and polyvinyl alcohol, changes In tensile 
strength with changes in moisture content are quite pronounced, 
while with the more water-resistant plastics these chanps are less 
pronounced. Changes in tensile strength with changes in humidity 
are indicated in Fig. 21, data for which are from a paper by Nason 
and Carswell. Plastics with hydrophillic amino or hydroxy 
groups are of course, quite sensitive, though others, low in oxygen 
and high in halogen content, generally are more resistant to t e 
effects of water. For a more complete evaluation of the effects 
of water upon plastics the chapter on chemical properties of plas- 

tics should be referred to. 
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fabricating the plastic material may itStence the L ® 

stances, as follows; «“<• m any one of several eiroum. 

b??ofe;'^rti:;iLi vr rctn r 

<b, f Ts “ef "> 

experie/cmrrrLrt"anrsl3^^^^^ 

higher than those in which a turhnUnf ^ aminar flow, are 
exists. In Fig. 22 test couoon i ” non-oriented condition 

than test coupon B In wS that 

flow. The thinner the wall section, the grel““he 

tween A eind B, greater the difference be- 

r^ctS: orS:Ta^ta°e! “rlt "bT ‘'‘■ 

give anistropio properties to the final "■*“ 

not IntelUgOTtly^aoDlf th’^'^T t variables, one can- 

he is acquainted with the' manufreturin^ methl“ fZ “ t'? 

aUdTy as™ m‘tb 7“"* samples evalu! 

th etnl ™h.Ta: u'arr if” 

qualities than specific values revealerin at f 

Ods. The latter are !„vli, J 1 standard testing meth- 

and screening tests when dedd'f Imon'g T 
terials for an engineering applttion " “ 

Tensile Test Methods; Current tensile feet +i, j 

scribed in detail in tho enn • a cm methods are de- 

n aetail in the following ASTM Specifications : 

For Rigid Organic Plastics—astm D- 638 - “Tpnc-i 

Plastics” Tensile Properties of 

AST^^ 0-651; ”Test for T^Anon eta 

Long-Time tensile Tests-astm 

Time, of Plastics” ' ^ Tests, Long- 

POB NON-RtOID PLASTICS-ASTM D-412- ••Tan.' „ 

canized Rubber” ’ ension Testing of Vul- 


These specifications contain comnleto at-, 

' ~tio„ Of the test speVenf ft e^^^ 


the 

the 
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f o nlastics For the non-rigid plastics the area 

tensile properue P „.uch greater 

under the test jaws> crraat deal of stretch 

than the reduced area Pf^^^^trofCed of ‘esUng is 
which may toke place is desired, in which 

dependent upon whether ^^inute is applied, though 

case a cross-head speed o . minute cross-head 

for a simple test to ‘i^^trucUon "i.^-m h per mi 

speed generally is ^''^^“fX.eLtive to scratches upon test 
The plastics are p _ defects as possible, 

surfaces, and they _ concentrations may lead to irregular 

otherwise the localized .wrved particularly when taking 

results. This point shou „arks should be impressed 

elongation data, as no punch or gage marKS 



Fig 


»' ""I”" ‘ 


Table XIV 

Comparison of Physical Properties of Plastic 
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on the surface of the plastic. As already noted, some plastics 
are quite sensitive to atmospheric conditions, and proper condi¬ 
tioning before and after test is imperative m most ^^^ances. 
ASTM D-618; “Conditioning Plastics and Electrical Insulating 
terials for Testing” outlines the correct conditioning procedure. 

The plastics are classified into two types. 

of 50 per cent. 

During tensile testing the appearance ot the Mlure 
indicative of the manufacture of the materials. The hard, more 

brittle types fragments, always 

^l a small additional segment in the immediate vicinity of the 
failure. On the other hand, the softer, more plasUcized vaneti 

Table XV 

Long-Time TensUc Strength of Fhenollcs 

__ ClAiM 


Short-Time 
Xcnslle Btrcnifth 
at 77 r» 50% H.H. 
(pal) 


Materlul 

Phenolic, molded 

Cord filled . 6000 

RaK filled . 

Wood flour filled . . 
Asbestos filled . .. 5700 

Mica filled - 5^66 


l^ntt-Tlme Tensile Strength, or 
Estimated Limiting Stress 

.. „ B.ii. •;« 


2400-2800 

2400-2800 

2600-2800 

2800-3200 

2200-2400 


900-1200 

1200-1400 

1300-1400 

1300-1400 

1200-1600 


may draw down with 7"7;;t?t:nm;''fai.ur« 
rL^eTrerarer wJie cross-grain faiinres are sharp and 
Straight across the test speemen. flexural strengths, 

Complete tabulations o onsi c The specific 

and compressive strengths J.„g the average tensile 

tensile strength is de ermine .. gy this value, plastics 

strength by the average specinc their 

compare more favorab y wi ^ ^ ^ multiplies In the design of 

lower specific gravity. This advani g _ 
structures where stiffness is a function of the square 

i,„ T««ts- Ultimate tensile strengths deter- 
Long-Time Tensile Tests. uiuiiui.i.c 
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mned bj the preceding test methods are far in excess of the 

of thi °P1 are more dependent upon the values 

the elastic limit. Some highly useful data, Table XV, have 

been obtained for various molded phenolics by Gailus and Telfair*, 
w o report on the limiting long-time tensile strengths of several 

materials (over 1000 -hour period). 


Compressive Properties 

ertie^S^nr^ limitations and influences upon the tensile prop- 

p as ICS also affect the compressive properties. Higher 
temperatures and high humidities generally bring about sometll 

certain applications where 

Streirth” as "ft compressive 

dies for 'forming st7metal '’f 

mi aTw.tbe I averaging around 40,000 

P ) 1 be seen in the data listed in Table XIV. 

When the stress-strain curves of plastics are comnared in 
tension as well as in compression, appreciable differents lav 

analsfeTh fT “ standpoint, especially in stre^ 

analysis, this factor makes exact computations of p Jtic sW 

Table XVE 

Comparison ot TensUe and Compressive Properties 

TT,a, , Propor- 
Ultimate tional Modulun nf 

strength Limit Elasttclty 

<PSl) (PSI) (PS,) 

27,800 2500 1,600,000 




Material 

Laminated phenolic, 
canvas base . 

Laminated phenolic, 

paper base . ...16,700 

Polmethyl methacrylate 8,000 
Polystyrene, molded ... 4,700 


Tensile Properties (typical) 
Tansrentlal 
Propor¬ 
tional 
Limit 

(PSi) 


Ultimate 

Streng^th 

(psi) 


Modulus of 
Elasticity 

(psi) 


15,000 2300 1,300,000 


4100 

3300 

2100 


1»560,000 

380,000 

469,000 


23,780 

12,100 

15,200 


1800 

3000 

2200 


2,150,000 

370.000 

560,000 


^ural elements most difficult, because the maioritv nf f , 
are prepared on the basis of equivalence in n ^ ^ formulas 

sile values. To illustrate a few typical 
sfength, tangential proportional ujl 

-ompared in Table XVI. data for Jm.,._ elasticity 


• V. o.ii„, „s n, Td,s»-M«i. ^ 
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Two 


When long tubular, or hollow memoers oi piabuc uiauc 
are to support compressive loads the tendency to buckle should 
be carefully examined because of the low modulus of elasticity. 
Compressive members of plastic materials sometimes may be re¬ 
inforced with other structural elements to support heavy load con¬ 
centrations. 

Compressive Test Methods: 
the technique of testing organic plastic materials in compression. 

The first requires a special tool for adaptation to a universal test¬ 
ing machine*. 

1 ASTM D-695; "Compressive Strength of Plastics 
2. ASTM D-649; "Compressive Strength of Electrical Insu a - 

ing Members" 

The latter method was originally developed for lamirmted 
phenolic sheet members used as electrical insulating mem ere. 
Once again, conditioning of specimens before tests is 
Some plastics have such a low modulus and are so 

tZier and greater load as the volume of material is spread out 

over a larger area. Edge compressive tests are ^ ® 

nifleant for laminated sheets, and should be evaluated i 

applications are intended. 

A special technique has been developed for evaluating the 
deformation of plastics under compressive loading at elevated tem- 

peratures (AS specimens which are small 

les mLuring Vs-ineh by ./e-ineh are placed under a dead we«ht 

of 1000 pounds, While <>f — j,;" '■ atd wmie they 
Most plasties possess a decided e ^ y 

recover their original shape if left unstressed or it heated g 

Shear Strength 

Data on the shear strength of the various plastics arc of turn 

TAB.,E xvn are listed typical values of sh^ for vanou ^P^^ 

obtained with the aid of a “ ,j„d to shear or punch 

also permit computations on the loa q 
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a given section from a sheet stock of plastic, once the shear area 
IS calculated. 

Shear strength, like other physical properties, will depend on 
temperature and humidity, specimen sizes, and manufacturing 
con itions. For example, molded phenolics with a shear strength 

? temperature will drop to 8,000 psi at 200 

• an 6000 psi at 325 F. The punch and die technique is quite 
valuable in establishing rapid tests upon manufacturing variables. 

e author has found* that a small punch and die mounted in 
an arbor press with a recording scale measuring the load, may be 
conveniently used to determine the shear strength of molded ther- 


Tablk XVII 

Shear Strengths of Plastics 


>l.tirrial 

^nolic . 

1 oriii 

f'nMl 

.Shear Streiig^th 
(P»0 

J'nenckllc, ceneral-purpoM 

1L. ft * * * • 

. 


i^ncnoiic. lAbnc biM 

p«p€r 

•tAndATd m^iuin 

l‘o\ym^y\ methacr> lai<h , .. ‘ 

acetAte 

KthylcflluloM . . 

Ijimini4(€d .. 

laminated ... 

. 14,000 

Molded . ,, , 


Sheet . 


Sheet . 


Pulyttyrene .. 

P^OrMn.v 1 chl.rrid.-»r««Ve. 

iyp% . 

• ♦ 

iftjecilon molded 

SJr^et . 


If jectlon molded . 
I’^jecUon molded 
Ca?t. unfilled ... 

^000 

*. 10, .*500 

. .. 4 SOO 


mosetting plastics after different times of cure Tn th w 

It is also possible to obtain data on the load defnrr»,of“ 

thickness of the «!hcAf er^-.^ u vpenaent upon the 

the higher the ratio of bearing toThTr ‘a’’rea“'i''„d’’th'" 

Deforinalrof a™ t f .‘r' 24. 

t--^"ed. Punch diat^e^ was l ^t h T,tZ °'>- 

on a univctaal tearing mlchino/^ ^ 

Sibear Test Methods: The A'sTAf cru:.a>;e a- 

etion Of ahear strength «ith the S. Ta 21^0 1'’“ 

is: ASTM-D 732- “Shear Stroncrti, ^ L 

Shear .strength of Plastics", Another meth- 

•J. 25. Jaa.. 1M2. 
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od widely used involves a cylindrical specimen and a three-plate 
jig developing double shear: Federal Spec. Li-P-406a, Jan., 1944. 
These methods were compared for a number of plastics and re¬ 
sults reported by Schwartz and Dugger"'. 

Flexural Strength 

The flexural strength or the transverse strength of plastics is 
subject to the same set of variables which influence the other 
physical properties, including temperature, humidity, and many 
Lnufacturing variables. This value is readily determined with¬ 
out costly equipment and numerous molders or laminators fin 
it expedient to run control tests on the properties of their ma¬ 
terials with flexural strength as the variable physical factor. The 



Fig, 23 Shear strengths at various 


cure inferva/s of two fhermoseffing plastics 


technique, which is described more fully in the standard specifica 

ti a below, tests flat specimens of 

tics, supported at two ends and loaded at the center. 

Schwartz and E. Duggar—Mod. PIoetiCB— 21, 117, March, 1944. 
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the polyamides or the higher temperature-resistant polystyrenes 
also possess exceptional values, although materials such as the 
polyamides (nylon) may change from a flexural strength of 18,000 
psi, at 0 per cent moisture to 11,000 psi at 2 per cent moisture, 
and 8500 psi at 3 per cent moisture. The highest flexural strengths 
among the laminates have been obtained for the low pressure 
laminated, glass-cloth reinforced materials, where flexural 
strengths of 60,000 to 70,000 psi are obtained consistently. Of 
course, much higher experimental laboratory values have been real¬ 
ized. In all cases, however, the most important contributing fac¬ 
tor has been the exceptional strength of the glass cloth. Repre¬ 
sentative flexural strength values of the more common plastics 


are given in Table XIV. 

The influence of temperature on the flexural strength o sev¬ 
eral plastics is shown in Fig. 25 which reproduces data of Nason 
and Carswell**. The superior properties of the thermosetting 
phenolic and melamine formaldehyde laminates are indicated in 

tilils sketch# 

Flexural Steength Test Methods: ASTM 0-650; •'Flexural 
Strength of Electrical Insulating Materials”, covers a general test- 
fnTproLure for evaluating the flexural strength of vanous soAd 
electrical Insulating materials. Test specimens ^ 

according to procedure D-618 as described 

in the section on tensile strength. Sheet and plate materials ^e 
tested with specimens turned both flatwise and e gewi , 
bol crosswise and lengthwise of the sheet A -fe-ce 
tion for testing these materials is ASTM 0-229-43 Tc^ts fo^ 

Sheet and Plate Insulation”. When 

fiber stress for flat sheets, the following formula is used. 



3PZ 
2 ha? 


where S is the "maximum fiber stress, P t ppl d j^ches, 

distance between supports m inches, h the wiarn o v 
and a the depth of specimen in inches. 

Modulus of elasticity sometimes is determined 
tion observed during the bending of test specimens Aex • 

This affords a relatively simple method of determining the modu 

- Ht. S. Carswell and H. K. Nason-ASTAT S»mpo.Hum-1944. 
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lus experimentally. Area under the load-deformation curve ob- 

tamed m flexure testing has also been a good index of the rela- 
tive toughness of the material. 


Modulus of Elasticity 

memw ProWems requiring a stiff structural 

a Z Tr “less 

designed mth reinforcing ribs. Compared to steels with a modulus 
o e asticity of 30,000,000 pounds per square inch and aluminum 
m the neighborhood of 10,000,000 pounds per square inch, the 
range of moduli for plastic materials (200,000 to 2,000,000 pounds 
per square inch) seems rather inadequate for the Job. HoCver! 
there are miscellaneous engineering designs which require these 

tolrtef t °L '“^-deformation characteristics 

parted to the structural member. The low modulus signifies 


CA 


CO 


Polymethyl melhocrylQte 


Cord-filled phenolic 


4I Cellulose acetate 
butyrate-(impact type) 


% 

Fbbric-filled melamine 


0 


80 120 

Temperature (deg C) 


P'Jf. 25 Influence of femperafure 



Z 'Xz' .f 


represenfo- 
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high resiliency. This resiliency has been the keynote of quiet op¬ 
eration of plastic gears, connoting the ability to deform enough 
under impact loading, to absorb shock stresses which otherwise 
lead to noisy operation. Resiliency may be expressed as an in- 

V 6 rs 6 function of tli 6 modulus of elasticity. 

It must be pointed out again that the modulus of elasUcity, 
as determined from the slope of the initial portion of the stress 
strain curve, is also a function of the tension in the fabric weave 
of laminated plastics, nature of filler, and plasticizer conten or 
molecular weight of thermoplastic substances. Deterimnation of 
the slope of the stress-strain curves for a plastic ' 

in the proportional limit is not easily done. The straight hne po 

tion is not always obvious, appearing sometimes as a ^ 

curve. It has also been suggested that the modulus of e ^^^^y 
be represented as a time-dependent function, depending ^ P 

upln temperature, exhibiting appreciably higher values below 

freezing temperatures. -u j „„ +v,o mtio 

Modulus of elasticity, when defined, is ® 

of the unit stress within the proportional hmit of the matena, 

to the unit strain. Closely associated witt the m^ujus of eto- 
ticity is the stiffness in a structural 

(such as aircraft) the stiffness m a 

plastic materials also contributes much to the stiffness 

Stressed skin designs. methods 

Tests for Modulus of Elasticity. The 

by which the modulus of elasticity may be '*• T, 

vLtional method for determining the '["rain 

pure tension or pure ° 3 , “ The determination 

of the tensile modulus is descifted in accurate 

D.6381 "T^t meats has the advantage 

of giving an integrated result for compression and tension, _ 
also in the rapidity with which measurements can be ^ 

,s a rather important feature “ lu-^ of 

creep and cold flow under stres will interf ^ conventional 

strain measurements which are time consuming by the 
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testing technique with strain gages and the standard dumbell test 
specimen. 

ben available for measuring the modulus in 

ding. Simple cantilever beam, with support at one end (this 

method IS more sensitive) and simple beam with two supports 
and load applied at the center (as in flexure). 


Simple cantilever beam¬ 
load at end 


Modulus {E) 


Wl- 


3X I X d 


Simple beam supported at 
two ends—load at center 


Modulus (E) = 

48 X I X d 

where d = deletion at point of loading^ 

I = length of beam ^ 

tF = weight 

! = moment of inertia 

» i 



Creep and Cold Flow 







iZZ'l-^‘orials are of 


particular interest to design engineers, in^ as ley inToaS 
the physical behavior of plastics under sustained load. The plal- 
deformation, Fig. 26, is comprised of two components • 

Of aem^'^onTchrgi^'g «te 

stanbl'd“Xr^mJ^errasTil 


I 
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The phenomena of creep and cold flow may also be better un¬ 
derstood by referring to Fig. 27 which shows the mechanical an¬ 
alogy of the molecular structure of a plastic material. This me¬ 
chanical model permits instantaneous elastic deformation immedi¬ 
ately upon application of load and immediately upon removal 
of load, no matter how long the load has been applied. The au 
thor has observed that these two values of elastic deformation and 
elastic recovery are exactly equal when the material is stressed 
within the elastic Umit*. Plastic deformation will occur at the 
smallest stresses, even below the elastic limit, though at a much 
less severe rate. Plastic recovery will not, however, necessarily 
equal the plastic deformation, being dependent upon three vari¬ 
ables: (1) Temperature, (2) magnitude of stress, and (3) time 
stress was applied. These phenomena occur for all plastics, thoug 
more so for thermoplastics than thermosetting types. This means 
that screws and nuts or rivets which clamp sheets of plastics 
material together may be expected to loosen in time. This is u 
to creep and cold flow which relieve the appUed stresses after the 

members have been tightened. j 

For the best overall picture of the effects of creep “ 
flow, a three-dimensional chart showing stress, log-time, and de¬ 
formation is most satisfactory. In Ftp 28 charts for toma^ 
phenolic, canvas base, and polymethyl methacrylate sh 

shown. These results may be compared with the “ J f ' 

29 which demonstrate actual deflection measurements of a simple 

cantilever beam employed in making creep ^ 

The prevaiUng temperature has quite an mfluen P 
rate of creep and the effects of creep. In another sene 
to determine the effects of creep upon perma^nent 
of plastics were loaded at a maximum fiber s ress f 
Simple cantilever beams. The permanent set in P - " ^ “ng^ 

inal aeformation is ^Ze’armorelMnl; otL. emphasize 
th^temp^ature limits of certein plastics because of creep. 

Data on the creep 

at room temperature, ^ rpAnTP XVHI The re- 

constant slope of the plastic deformation curve. 

ij. Delmonte—ASMX rrons.—Vol. 62, 513. Aug., 1940. 
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Elastic Limit and Proportional Limit 

Exact determination of the elastic limit of a plastic material 
is not an easy matter, particularly when creep phenomena are 
admitted at very low stresses. Elastic phenomena occur instan¬ 
taneously and, with that thought in mind, it was suggested in the 
first edition of this book (“Plastics in Engineering’’—First Edi¬ 
tion—1939, Page 171) that by close examination of elastic de¬ 
formation and elastic recovery, it was possible to determine the 
elastic limit, when the ratio of the elastic deformation to elastic 
recovery began to increase with higher and higher stress values. 



Fig. 27-M0chanical analogy of the molecular structure of a plastic material 
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Fh 28-Sfrain-sfress-hg time curve for laminated pheno/ics (al and for methyl metha 

cry fate (b) 


.S 0.30 


P0.25 

10.20 
Q 

.Q 0.1 

% o.ioi 


- Methyl methocrybte 
0.094-in. thick 

- temp'-BsF 


^00 


eooo 

\000 



r 

1 "O 


\of " 

1 —* m_ 

4 w 

Jv 



—i 


0.30: 


015 


0.0 


"g 0.30 . . .. 

Lomnated phenolic, 
S 0.25“ftne-weove fabric 

S 0 200.065-m ttik* 


temp. 85 F 


500 _ 

0“ 20 40 ^ 80 100 12U 140 
Totol Time (hours) 


2000 
lOO 


Si 


Q} 


a> 


301' 
*25% 

.20 g 


.05 S 


O 20 40 60 80 W01^W0T^ 

Total Time (hours) 


Fig 29-rto..*/.n.<..i.. c..v« hr ..rhyl rrMojIch W hmlnchd pl..n.lic, ba»J 

on 100-hour tests 


More recent efforts have thrown further Ught upon the sub¬ 
ject of elastic Bmit and the determination of 

tor plastics at room temperatures.* These tests laid the basis 
for the data appearing in Fig. 31. By 

specimens as simple cantilever beams and by observing tbe SP^*«^ 

ir nossMe to arrive at the .elastic limit, which may also be 

interpreted in the case of plastic materials as the 

the material can ™ ^th^ut 

of course, may occur below this value, tnougu 

' Delmonte— Machine Design —^16, 99, Dec., 1944. 
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recovered upon removal of load. Maximum safe working stresses 

may be read directly from Fig. 31, where curves intercept the 
axis. 

Determination of the proportional limit is not an easy matter 
for some plastics because the curves of stress-strain do not break 
sharply, and the point of tangency is ill-defined. These data do 


1000 


J^IOO 


Polyvinyl cWoride ocetote 
Cellulose acetate butyrate 
Cellulose nitrote- 


Polymethyl methacrylate 


Polystyrene 
Laminated phenolic 


00 100 120 
Temperature (deg F) 


P/g. 30-Permonent ,et of yarhus p/asfics as a function of temperature after 100 t.. 

as simple cantilever beam (max. fiber stress, 7000 psi.) 


urs 


not have much practical significance in the selection of workine 
stresses for plastics, as they generally are too high to be safe 
or most materials. Even higher, though more positive values 

~ “af 0 05 -^eterJinerfo 

ample, at 0.05 per cent or 0.2 per cent off-set along the defer- 
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mation curve. These values are too high, however, for safe work¬ 
ing stresses. , , ,i i 

The yield strength of some plastics, such as ethylcellulose, 

may readily be determined by a sharp reverse curve in the stress- 
strain data though once again the values are too high for safe 


Table XVni 


Creep and Cold Flow Characteristics of Various Plastics 


Material 

Polyvinyl chloride-acetate filled 

sheet . 

polystyrene, molded . 

Cellulose acetate sheet 
Laminated phenolic, fabric base 
Methyl methacrylate sheet . . ■ 


Plastic Deformation 
(% of elastic deformation) 
at 1 hour at 100 hours 

i%) (%) 


4.9 

3.2 
16.1 

7.2 
6.7 


26.0 

24.0 

66.0 

22.0 

14.6 


Cold Flow 
Coefficient 

(R X 10®> 

1.66 
2.50 
0.50 
9.OS 
4.54 


working stresses. Among the high strength iaminat« of gi^s 
or Mitscheriich puip, yield strengths may be *^0“* 
cent of the ultimate compressive or tensile streng . 
of the more brittle materials, compresdve yield strength an 
l^te compressive strength are praeticaliy the same value. 
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Fatigue Limit 

Fatigue data upon plastic materials are not too abundant, 
though recent tests have given some assistance in this direction. 
Oberg, Schwartz, and Schinn performed a number of interesting 
fatigue tests upon plastics at different temperatures and in a 
notched and un*notched condition. Using the rotating-beam 
fatigue testing machine, some of the results they obtained are il¬ 
lustrated in Fig, 32. At lower temperatures, the curves moved 
higher on the corresponding charts.* 

Tot Methods: A number of fatigue testing methods have 
been proposed for plastic materials. Many of these are described 
m ASTM D-671: “Flexural Stress, Repeated (Fatigue) of Plastics, 
Test For”. While this specification describes a fatigue testing 
machine of the lixt-d cantilever type, others, including the appli¬ 
cation of torsional, direct compression or tension stresses are 
mentioned in the appendix to this specification. In testing fatigue 
stnngth of plastics, variables such as frequency, size of speci¬ 
men, rate of heat loss from the specimen, and other factors af¬ 
fecting specimen temperature will influence the obsen-ed results. 


Impact Strength 

One of the most widely discussed physical properties of pla.s- 
tics IS impact strength. This property has been the subject of 
much attention primarily because of occasional failures in im- 
proF«:rly designed molded plastics, which create the impression 
that plastics are brittle. Some plastics are brittle, though others 
have exceedingly high impact strengths. In no one single property 
IS there so much variation between one plastic and the next Im¬ 
pact r roperUes also reflect the efficacy of the molding technique 
In the manufacture of molded and laminated goods for the armed 
orces. the development of high-impact-strength plastics was con- 
centr.ited upon and noteworthy results achieved. In earlier dis- 

compositions, the prime importance 

out th hTh“ strength was pointed 

stren-trfill *** desirable surface finish of the high impact 

*t^ngth fillers was noted. Nevertheless, a dark uniform lustrous 
surface mav nnf ; __. , ,. .. lustrous 


ObeiT. K T 8efcwT>-.i .r.d D. A. Shictj-Jifodmi 


20, Page g7, 
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applications, and the utilization of shredded fabric fillers brings 
about desirable results in molded products from an impact stand- 

in some applications, the impact strength obtainable from 
phenolic-molded, shredded-fabric-filled plastics has been inadequate 



for the circumstances : 
by laminated materials, 
conditions considerably. 


strength 

XIX. the 


given in Table XX, Usting several physical properxie^ ux 

ontof the most important of the Muenees uP™ 
strength of plastics is temperature, and some of tte results 
Nason and Carswell (loc.elted) are reproduced m 
nmjority of the thermoplastics and ^ "f 

,ng from cold to higher tempe^ures ^ fact . 


warm the 
t strength 
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Table XIX 

Comparison of Impact Resisting Qualities 

for Phenolic Materials 


Material 

Molded .. 
Molded .. 
Molded ., 
Molded .. 
Molded . . 
Molded . . 
Laminated 
Laminated 
Laminated 


Filler 

Mica . 

Asbestos ... 

Woodflour ....... 

Cotton . 

Shredded fabric . .. 
Long fabric fiber 
Kraft paper ...... 

Fabric base . 

Wood veneer base 


Kelative 
Impact Strength 

... . 2 

- 2.5 

- 1-3 

.... 4 

.. .. 6 
.... 12 
. . . . 10 
.... 20 
.... 36 


While the standard Izod and Charpy impact tests will be de- 
scribed shortly it is well to note that these tests are performed 
upon bars produced under a set of molding conditions which may 
be considerably different from the molding of an engineering ar¬ 
ticle. Consequently it is recognized that standard impact tests 
are most useful in the selection of compounds for a given Job, 
though in the last analysis a service test is the final proof. Labo¬ 
ratories such as the Fire Underwriter’s Laboratories, have de¬ 
vised tests upon the final molded articles, such as plugs and re¬ 
ceptacles, by the simple expedient of dropping them against a 
hard pine board a specified number of times. This procedure will 
also explore molding as well as material variables. Interest has 
been growing not in single-blow impact failures, but in repeated 
impact tests, involving certain fractions of the single-blow re- 


Table XX 

Comparison of Physical Properties 


Plastic 

Phenol formaldehyde 
Phenolic, molded 
Phenolic, molded 
Phenolic, molded 
Phenolic, laminated 
Phenolic, laminated 
Urea formaldehyde 
Melamine formaldehyde 
Polymethyl methacrylate 
Polystyrene 

-acetate 

Polyvinylidene chloride 
Cellulose acetate 
Cellulose acetate-butyrate 
Cellulose acetate 
Polyethylene 
Polyamide 
Ethyl cellulose 
Cellulose nitrate 
-^yl resin (CR-39) 
Aluminum—24ST 


Izod 

Impact Strength 
Description (ft Ib/In. notch) 


Cast resin 

Woodflour 

Fabric filler 

Mineral, asbestos 

Paper, Grade X 

Canvas, Grade C 

Molded, cellulose 

Mineral filler 

Sheet 

Molded 

Rigid 

Molded 

Molded (Flow-286 F) 

Molded (Flow-286 F) 

Sheet, general 

Sheet 

Molded 

Molded 

Sheet 

Cast 

Rolled 


0.30-0.40 

0.24-0.40 

3.00-4.00 

0.24-0.32 

1-7 

2-15 

0.24-0.36 
0.28-0.40 
0.20-0.60 
0.26-0.60 
0.25-0.50 
0.30-1.00 
1.30-3.80 
1.80-5.30 
1.00-3.00 
3.0 plus 
0.6-0.94 
3.0-11.0 
3.0- 6.0 
0,3- 0.4 
20.0 


Fiexurai 
Modulus of 
Elasticity 
(psi X 105) 

3.0- 6.0 
S.0-11.0 
8.0-11.0 
15.0-25.0 
10,0-15.0 
10.0-15.0 
15.0 
16.0 

3.0- 5.0 
4.0- 4.7 

3.5- 3.8 
0.5- 1.0 
1.3- 1.9 
1.2- 1.7 
2.0- 3.5 

0.15 
3.0- 3.2 
1.0- 5.0 

1.5- 3.0 
3.0 

100.0 


Rockwell 

Hardness 

M 80-M 85 
M115-M120 
M115-M120 
M 95-M115 
M 90-M120 
M 90-M120 
M118-M122 
M112 

M 60-M 80 
M 55-M 95 

M 50-M 65 
R 86-R112 
M 25-M 49 
R105-R115 

M 80-M 90 
R 20-R110 
R 90-R120 
M 95-MlOO 
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Wood flour filled phenolic 



-80 



0 40 80 120 
Temperature ( deg C) 



O 

o 


Cellulose acetate and 
acetate butyrdte 
(injection molded) 
(impoct types)' 



Fig. 33—In 


. r,f niasfics—both thermoseHing (top curves) 
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suits. These tests are determined by a method worked out at 

Bell Telephone Laboratories, involving a ball falling on a sharply 

inclined plane." Repeated impact limits determine those values 

which can be applied indefinitely without fracturing the plastic 

for the test conditions employed. Typical results are given in the 
Table XXI. 

While molded and laminated phenolic plastics possess the 
most satisfactory physical properties over a wide range of tem¬ 
peratures, prolonged exposures to high temperatures may lead to 
deterioration of the properties, particularly impact strength. At¬ 
tention is invited to the chapter on thermal properties where some 
of these data are given. 


Table XXI 


Material 

Polymethyl methacrylate . 

Polystyrene . 

Molded phenolic . !...! 

Cellulose acetate-butyrate . 
Nylon .' * 

Phenolic laminate, canvas base 
Phenolic laminate, paper base 


Relation of Repeated Impact 
Blow to Single Impact Blow 

. 50% 

.. 40% 

. 27% 

'*■•••••• 5 %> 

. 58% 

. 45% 

■. 50% 


Impact Test Methods: Impact tests upon plastic materials 
are valuable in ascertaining the relative toughness of the speci¬ 
mens and are indicated by the energy absorbed in breaking a stand¬ 
ard test specimen under the blow of a pendulum. Two conven- 
lonal methods are employed, the Charpy and the Izod test (ASTM 
test method D-256). However, drop tests upon finished molded 
articles are also invaluable inasmuch as impact strength is pro- 
toundly dependent upon the nature of resin flow. 

1; Charpy Test— The specimen is held as a simple hori- 
ontal beam and it is broken by a blow deUvered midway be¬ 
tween supports. The specimen size is shown in Fig 34 Tests 
may be conducted upon a notched or un-notched specimen 

beam ■ ® cantilever 

beam and the specimen broken by a blow delivered a specified 

Ko S5^- “ “ ^ as shown in 

Rested edgewise and flatwise. It is customary to condition 

‘P. M. Field—Ufod. Plastics^l, 125, April, 1941 , 
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molded pieces in a drying oven at 50 C (122 F) for 48 hours. 
Tests usually are conducted on several specimens and an average 

value determined. 

Other impact test methods are also being explored, includ¬ 
ing guillotine techniques, which have won favor in some labora¬ 
tories. Others have determined the minimum amount of energy 




UN-NOTCHED CHARPY 
TEST SPECIMEN 


Fig. 34—Charpy impact bar; ASTM standard test specimen 


to just fracture the impact test specimens, avoiding the losses 
incurred when the impact blow travels through. The opmion has 
been expressed that rupture occurring under impact arises from 
the same basic considerations as those governing flexural failures. 


Surface Hardness 

The hardness of the surface of a plastic material may be in- 
terpretea in many ways. If the material is to resist iodentafom 
such as may the surface of some laminate, a hardness tes 
upon indentation methods is important. On the other han , 
plastic is to withstand the scratching of a needle for a mo e 
phonograph recording disk, scrafch resistance is . 

a transparent plastic bomber nose is to be expose o 
sive acUon of a sand storm, abrasion resistance is “P”^ 

tant. There is no one single plastic outstandmg in all respec 
of surface hardness and it is necessary to examine the va 
methods of evaluating hardness, and select that techmque P 

plicable to the immediate problem. 

In general, plastics scratch rather readily “PPP^*^ J 
face which may interfere with the clear vision of a transparen 
she^t or mar the surface of a polished molded part. Some o ^ 
^wer synthetic resins prepared from the polyester resins are 

•-- - . . -rr —Tratis. ASMS—68, 547, July, 1946. 
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quite an improvement over softer earlier types, though increased 
surface hardness is usually accompanied by lower impact strength. 
It appears that the optimum solution lies in a tough, resilient 
core and a surface film of a hard, abrasion-resistant material. 
Hardness of phenolic moldings may be improved in part through 
various mineral fillers, though a thin resin film which develops 
on the outside during molding is the portion first subject to at¬ 
tack. This resin layer acts as a protective film to some extent 
and \arious properties such as electrical characteristics and mois¬ 
ture resistance depend upon its presence. Consequently, when 
plastics are affected readily by abrading actions, changes may be 
expected in other surface properties. The soft surface of plastics 
is self-evident on examination of slightly used transparent sheets 
of various thermoplastic materials, such as the cellulose deriva- 


22'/2 
.100" V 

nv2 

- a 

’■"^.OIO'R. 

1 '/4"—— 

1 




IZOD IMPACT TEST 

5PECIMEN 


Fig, 35—lzod Impact bar; ASTM standard test specimen 



tives, vinyl resins, acrylic resins, etc. When fresh from the manu¬ 
facturer, these sheets are above criticism from an optical view- 
pomt. Comparatively short periods of handling or exposure will 

reveal the presence of a few scratches or scars, which ordinarily 
would not occur on glass plate. 

In spite of their apparent softness in Rockwell or Brinell 
hardness tests, plastics wiU wear better than metals in certain 
g^r and bearing applications, where their resiliency can be util- 
iz to advantage. In fact, in gear trains, alternating the plastic 

h a metal gear results in a mechanism which will outwear all- 
p astic or all-metal combinations. 


-"aterials have their own particular pattern 
eu scratched and examined under a microscope. Two typical 
o omicrographs and their explanatory notes appear in Fig, 36. 
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Not only is the width of the scratch significant, but also its depth 
and the appearance of the edges along the scratch. The more 
brittle materials form a rough, uneven edge, as though the ma¬ 
terial cleaved off as irregular crystals. 




F!g. 36 —Phofomicrographs of scratch ^ whlcl^^knife'^sHced sheet from 

J,. .-.Jiccf.. = p..p.nd.W<.r <• ‘'■'f.^-ck.s 

laraer slab At B is shown a casein plastic. The tine fissures aaia^v 
larger slab.^ plastic (magnification-100 diameters) 


Hardness Test Methods: 


plastics. These are de- 


There are various hardness test 
methods adaptable to different types of 

scribed in the following paragraphs. 

1. Penetkation Tests: RockweU hardness tests ^remos 
widely used to determine surfaee hardness f 
plastics. Testing techniques are described in ASTM D- . 
for Sheet and Plate Insulation”. In order to ehmina e 
to creep, the major load is removed 7 to 8 . f 

handle has been tripped. Readings are taken ,~.tor a 

or R-scale. The M-scale requires ^ '/^-“^oj^/'softer ma- 
minor load of 10 kg, and a major load of 100 kg. 

terials may use the R-scale tests 

trator, a minor load of 10 kg, a major load of 60 kg. 
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are designed for the rigid type of plastic sheet, which should be 
as thick as possible (^-inch minimum), cut from sheet stock. 
Rockwell reading is taken within 45 seconds after removing the 
major load. Typical values of hardness appear in Table XX. 

Other hardness testers, such as the Vickers tester or Knoop 
indenter, possess a diamond-shaped penetrator which will also ef¬ 
fectively compare diiferent materials. Its advantage lies in the 
fact that tests can be performed upon thinner sheet stocks than 
those required by the ball or Rockwell penetrator. 

2. Penetration Tests on Nonrigid Sheets: The Shore du- 
rometer hardness testing instrument evaluates various rubber-like 

or nonrigid plastic sheet stocks. Test specimens should be at least 
%-inch thick. The instrument is described in ASTM D-676; “In¬ 
dentation of Rubber by Means of the Durometer”. Among other 
instruments employed is the Barcol hardness tester, also a small 
hand instrument depending upon the penetration of a small spring 
loaded spring. This instrument is particularly useful for quick 
evaluations of surface hardness of thermosetting castings or lam¬ 
inates. Typical Barcol hardness test results are as follows: 

Melamine laminate—69 
Phenolic molded part—57 
Nylon—8 

Polymethyl methacrylate sheet—36 
Polystyrene, injection molded—29 
Cellulose acetate and Saran—0 


The Barcol values run somewhat parallel to the Rockwell M-Hard- 
ness tests, 

brai,i Semisolids : Using a special cali- 

onds the relative hardness of soft, pitch-like materials is deter- 
mined. The technique is described in ASTM D-5-25- “Test for 
Penetration of Bituminous Materials”. 

4. Hardness of Films: Hardness tests upon thin film<, ro 
quires much careful preparation of test specimens to insure that 

teXr A nondestructive hardness 

atS 1 the evalu- 

• g eater the number of rocks, the harder the surface 

ypica results upon materials include: Polished steel—80 oscilla 

tions; acrylics—approximately 20 oscillations 

5. Rebound Methods : The scleroscope hardness testers have 
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not worked out too satisfactorily with plastics due to the ten¬ 
dency of the latter to store up energy from the bouncing ball, 
giving a high rebound which reflects the resiliency rather than 

hardness of the material. 

6. SOEATCH Resistakce: Various tests are in the process 
of being expiored, which wouid evaiuate the relative ar ness 
of the plastic surface. They depend upon a sharp cahbrated dia¬ 
mond point drawn across the surface of the materiai under a fixed 

7. Abeasion Resistance : One method which has 
useful in ascertaining the abrasion resistance of plastic m 
rials employs standard 4-inch diameter specimen disks 

in a standard abrasive sand. The disks are mounted upon an 860^ 
revolution-per-minute vertical motor shaft and covere _ 

of about 5 inches with 20 to 30 Ottawa sand conforming to ASTO 
specification C 9-26. The abrasive is kept moving grou 

powder is removed by a eonUnuous air circulating 
in weight of the disk after a number of f 

test conditions the wear upon the steel specimens is 

Another abrasion hardness tester widely used is the Taber H 

ness tester, comprising a revolving table and ^ 

men weight loss is observed after a number of 

8. Mae Resistance: Another form of abrasion es , 
more ’ generally known as a mar-resistance test, ®P“ 
comparison upon smooth, well-polished 

are marred by falling abrasive compound The ^ 

scribed in ASTM D-67S; “Mar ResisUnce of PlasUcs. 

class tube about 25 inches long, the abrasive <No. 80 e^boru 

dum) falls upon the plasUc -“P'-" l^rLtals bj- 
grees. The removal of g oss is n _ ^ cahbrated 

examination through a g ossm , results obtained with 

Ught source and photoelectric cell. ^ 

this type of instrument are shown in g. . jj^gh-velocity 

rr: h^r hr ref ul l deter^umg th^^.e a«ep.b.ty 

^proved materially by a rub- 

ber-like coating. 


♦ Boor 


ASTia Proc.—42, Page 927, 1942 
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Fig. 37 Lou of lurfoc. g/osf yarlovt matoriols whon subjected to on abrasion test 

used to evaluate surface hardness 


Comparative evaluations of hardness testing and abrasion re¬ 
sistance of plastics have been reported in recent years*’, though 
no one technique appears universally adaptable. The thermoset¬ 
ting melamines and molded phenolics appear generally to offer best 

hardness ratings, while thermoplastic acrylics and vinyls suffer 
the least loss in abrasion tests. 


Machinability 

1 fabricating of plastics are discussed 

abilftTf “I «">Parative remarks on the machin- 

abihtt of plastics should appear concomitantly with discussions of 

LlfTh majority of piastics will machine 

, though those with more brittle tendencies are apt to chip 

aS^cLrcT “’r “■'ewlse influence machin! 

plastics are recommended. Tools used for brass or cold-rolled 

duTt° ® fl'terally tend to run hot when working on plastics 
_“ material to conduct frictional heat away. 


IMT 
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As would be expected, different responses to miscellaneous tooling 
operations are evidenced by the numerous plastics. Molded wood- 
flour phenolic plastics are more brittle and must be handled care¬ 
fully during prolonged machining operations to avoid breakage or 
splitting On the other hand, equivalent work in laminated phe- 
"ly be handled with much less fear of breakage. Cast phe- 
nolics, cast acrylics, and casein plastics are particularly note¬ 
worthy in this regard, their machining qualities generally be¬ 
ing excellent. 

It is necessary to perform a buffing operation on all plastics 
after machining to restore natural luster. This extra operation is 
required for all parts that normally would be displayed to public 
view. When a machined surface is to be concealed in some as¬ 
sembly, much time and labor can be saved by overlooking this 

extra operation. . , mv. 

Not all plastic materials are easily machined. ere are 

certain composition bearings containing mineral fillers and phe- 
Tlk binder which would dull the sharpened edge of tool steel 
after two or three cuts. This behavior may be attributed to the 


Table XXII 

Notch Sensitivity Factors of Phenolics* 


Notch Badius 
(inches) 


Sensitivity 

Factor 


Material 


0.025 

0.05 

0.10 

0.15 


1.0 

1.0 

1.0 

1.0 

1.3 

1.15 


Fabric-filled phenolic and polystyrene • 


Medium-impact laminated phenolic, cloth base 


, . 0.025 


0.05 

0.10 

0.15 


1.05 

1.04 


1.9 

1.6 

1.3 

1.2 


laminated phenolic, paper base.. 


.. 0.025 


General-purpose 


0.05 

0.10 

0.15 



discontinuity. 


charac 

tools 

mater 

are a! 

and Ci.a-vrr^'=» .»• — 1 --- 

of eliminating machining operations. 
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Notch Sensiti\1ty: A few comments relative to notch sen¬ 
sitivity may be presented at this time inasmuch as it has influ¬ 
ence upon all of the physical properties. Most plastics display 
notch sensitivity to varying degrees. The effect is occasioned by 
an abrupt change in dimensions, sharp corners, slots, grooves, etc. 
Instead of lowering strength merely by the reduction of cross- 


table xxm 

Properties of Low-Density Cellular Plastics 


Muterial 

Cellulose acetate . 

Density 
(Ib/cu ft) 

. 4 1-6 3 

Ultimate 

Tensile 

Strength 

(psi) 

52-103 

13-38 

111-187 

Ultimate 

Compressive 

Strength 

(psi) 

40-110 

8-10 

121-135 

140 

1300 

50-80 

237 

340 

Polystyrene . 

Polystyrene . 

Phenol formaldehyde . .. 
Phenol formaldehyde . .. 

..... ISO 

Buna 5; Rubber . . 

Buna ,S Rubber ... . 

. 9 

• * • 

70 

1 

110 

Polyvinyl formal . 


11 u 

170 


sectional area, the loss in strength is much more rapid in the case 

of some materials. Notch sensitivity factors given in Table XXII 

are taken from a paper by Quackenbos^'. They may be used as 

additional factors of safety when designing plastics to meet vari- 
ous stress conditions. 


Physical Properties of Low-Density Plastics 

Rather than include data on physical properties of low- 

1 ^' f P>-«P«ed. Considerable interest has 
develop^ m low-density, gas-expanded plastics as a core material 

for high strength-weight structural materials, and as sound and 

^eat insulation. Through various casting, molding, and extrusion 
processes it has been possible to expand the various plastics fill 
mg them with closed cells. For example, dissolving acetylene ■„ 

!urr"d “”i polymerizing, then releasing the pres- 

e, develops an expanded low-density structure. Other reac 

tintv ‘“'’ol'ong thermosetting resins, employ the ac- 

^subsequent cellular structure. However, in all casef of cel 

•H. Quack.nbos-Bafc,H„ «evie«>-Vol. 18. Page 18. July. 1946. 
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lular materials, high physical properties and strength are not at¬ 
tained until the specific gravity exceeds about 0.20 or 0.25. 

The properties are also dependent on the pore size in the 
foam, optimum properties being developed for pore sizes under 
0 5 mm Surfaces of the low-density plastics usually are pro- 
teoteTwith a relatively stiff structural member such as a glass- 
cloth laminate, laminated canvas, plywood, or an aluminum alloy. 
Good structural efficiency is obtained when the core weight is ap¬ 
proximately 2/3rds the total weight. These combinations, called 
sandwch laminates, also employ resin-impregnated paper or c o 
honeycomb cores with considerable success. Applications to air¬ 
craft and building trades now are current. 


Chapter V 

Thermal Properties of Plastic Materials 


Many engineering appUcations of plastic materials require 
their utilization at subzero temperatures of —60 or —70 F and 

at elevated temperatures in excess of 200 F. Variations in physi¬ 
cal properties with changes in temperature were illustrated in the 
preceding chapter. However, the problems become more involved 
w en the plastics are used in conjunction with other materials 

possessing different coefficients of expansion and different rates 
of heat conductivity. 

Plastics in general are good heat insulators, a characteristic 
which explains many of their important applications. Control 
knobs on electrical heating or gas-fired devices, or control wheels 
su - reezing weather are a few of the many examples which 
bear mute testimony to the comfortable “feel” afforded by the low 
ermal conductivity of plastics. In the field of heat insulation, 
e cellular plastics, briefly evaluated in the last chapter, compete 
avorably mth other low-density materials serving heat insulation 
^uirements While the cost of the low-density plastics may 
omew at high at present for general use in the building in- 

.. matenak. At least, it a plastic material does not 

f i'^“lating body, it may tulBll the 

function of a cement for low-density fillers. 

From examination of the thermal properties an 

good clues, but they tell only part of the story. Safe onerat 
mg temperature limits a-ill depend a good deal nnon , i 

tube, only L"Tap^rar ;a:: r 

boated may the correct safe 

Change in physical properties at low temperature. • 
apparent for nonrigid plastics, which may 

Those thermoplastics which are heavily pra:U““ Xa^ft'h^e 
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first to show decided property differences, though m genera^ 
when flexibility is an inherent characteristic of a po >iner. i s o 
a much less marked change at the low temperatures. 

It will be noted that there are no definite softemng pom 
od for The plastic materials in Tabix XXIV. This fact .s parttcu 

larly true for the high p y Those resinous 

transform from a solid to a t iscous sem ^^rtvatives) which 

rsse"fwell defined melting points generally are low in molecuto 

rgM, With a structure laciting the m^ech^cal advantage of the 

higher ^“^“'jjaehed when St may be expected 

flciently high temperatures ^ decomposition 

to melt high polymers and pour the” 
sets in. resulting in carbonization or aegra 


Table XXIV 


General Thermal Properties of Plastics 


Material 

Phenol formaldehyde 
Phenolic, molded 
phenolic, molded 
Phenolic, molded 
Phenolic, laminated 
Phenolic, laminated 
Urea form aid eliyde, 

molded . . j 

Melamine formaldehyde 
Polymethyl methacrylate 
Polystyrene 
Polyvinyl chloride- 
acetate 

polyvinylidene chloride 
Cellulose acetate 
Cellulose acetate 
Cellulose acetate- 
butyrate 
Polyethylene 
Polyamide 
Ethyl cellulose 
Cellulose nitrate 
Allyl resin (CR"39) 

Steel 

Alumlnum-24ST 

Brass 


Bescrlpllon 

Cast resin 
Wood flour 

Fabric filler 
Asbestos 
paper. Grade X 
Canvas, Grade C 


Thermal 
Conductivity 
(10-< cal/sec/ 
sq cm/deg C/cm/ 

3- 5 

4- 7 

4- 7 
8-16 

5- S 
5-8 


Heat 
Blstortlon 
Temperature 

(deg F) 

104-140 

260-300 

250-300 

285-325 

>320 

>320 


Alpha cellulose 
Mineral filler 
Sheet 
Molded 

Rigid sheet 
Molded 

Molded (now-2S6 F) 
Sheet 

Molded (now-286 F) 

Sheet 

Molded 

Molded 

Sheet 

Cast 


7.0 

4.0’-6.0 

1.8-2.0 

4.0-5.0 
2 2 

4.(K8.0 

4.0-6.0 

4.0-8.0 

S.O 

6.0 

4.0-6.0 
3.1-5.1 
2.2 
1130 
5000 
2000 


■ • 


266 

140 

16S-176 

125 

150-180 

118-144 

150-175 

114- 134 

115- 122 
170 

110-200 
110—150 
140-1S0 


* » • 


Coet* 

Thermal 

Expansion 

(X «>-’> 

5.7- 15.0 
3.0-3.5 
1.0-2.0 

2.12 

1.7- 2.5 

1.7- 3.0 

2.5-3.0 
2.0~4.5 
7.a-9.0 
6.0-S.0 

7.0 

19.0 

8.0-16.0 

6.0-16.0 

11.0-17.0 
18.0 
10.0 

io.b-140 

9.0-16-0 

19.0 

1.1 

2.2 

1.8 


Hence, forming high-m°lecuU^^^ 


cular-w^eigbt fractions. __ 

Dlastics into useful articles requires noc u j 

Lo pressure, ax in st^dard in that eer- 

There are excepbcms ehloride-ace- 

tain high poljTners such as e > 
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tate, cellulose acetate-butyrate, and butyl methacrylate have been 
compounded into hot-melt formulations with the aid of appropri¬ 
ate waxes and plasticizers. The hot-melt compositions find im¬ 
portant applications in sheet metal forming and as strip coatings 

for machine parts. They are described in greater detail in the 
chapter on casting of resins. 


Thermal Conductivity 


Plastic materials are good heat insulators, they conduct heat 
very slowly (see representative values in Table XXIV). From a 
design viewpoint, this fact is employed to advantage in reducing 
rate of heat transfer from a hot metal part to a part which must 
e andled by the bare hand or make contact with the body. Nu¬ 
merous molded plastic housings for fractional-horsepower motors 
such as are used in hand grinders or electric razors have given 
sa IS actory performance. If the housing were made of a die- 
cast metal, the heat would be transferred from the electric mo- 

rapidly that the unit would be uncomfortable 

o an e. Of course, in a molded plastic housing the motor will 
operate at a higher temperature. 


e much greater heat conductivity of the metals brings about 
special problems in the design of plastic and metal components 
which are intended to operate together. While plastics have higher 
coefficients of expansion than metals, mechanical failures which 
occur may be due to the more rapid rise in temperature of the 
metal, resulting in rapid expansion and the creation of excessive 
intern^ stresses. Such occurrences take place when molded plas¬ 
tic parts employing metal inserts are fastened to metal castings 


Table XXV 


Specific Heats of Typical Plastic Materials 

(Cclories per oTcttn per degteo Cent,') 


Material 


• • • 


• • 


****•■««■« 


Phenol-formaldehyde, molded ... 
Phenol-formaldehyde, laminated 

Urea formaldehyde, molded 

Polyvlnylidene chloride _ 

Cellulose nitrate 
Cellulose acetate 
Polyethylene ... 

Polystyrene . • .! ^^ !,! * ] [ 

Polyvinyl chloride-acetate (rigid) 
Methyl methacrylate 
£thyl cellulose .... 

Steel .... 

Aluminum 


* * 


• * 


• * • 


• * * 


4 * * » • 




6 • * 




a • 




• • • • * # • 



Specific Heat 

0.30-0.40 

0.30-0.40 

0.40 

0.32 

0.35-0.40 

0.30-0.45 

0.50 

0.32 

0.24 

0.45 

0.25-0.40 

0.10 

0.20 
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subiect to considerable heat. The insert will hkely expand more 
^^1 +Visin the metal. While the development of metal inse ^ 

rapi y ffir.iAnt of expansion as thrmosetting plastics is 

snth the same coefficient of expansion as, tem- 

/,«saiv,le in certain aluminum alloys, the effects 
^ f gradients are still acute. Where temperature changes 

are relatively slow, arttoles such as speml 

for the Navy have a aane base with aluminum alioy 

inserts possessing the same expansion coe«icients. 


Specific Heat 

In general, specific heats XXV). 

tween 0.30 to 0.50 substituted in appropriate for- 

These values may of course be ® of the 

mulas involving the temperatu theoretical heat re¬ 
material, and calculations pe ^ Xhis calculation is 

tfuired to raise a "“1 or laminates or cast 

Significant m estimating he q considerably because of 

resins, though j„ oertain resins which polymertze 

the exothermic hea g _ insofar as the heating of molding 

when they are being ea • _ mass of the plastic generally 

materials is concerned, because ^^tal, 

is inconsequential as compare Total Theoretical Heat 

the latter is (^eg F), where 

(BTU) = S X Weight (lb.) X temp. 

S is the specific heat. ^iflt^rpnees in thermal conductivity 

There are asbestos-filled phenolics con- 

among the plastic . ^ wood-flour filled types, and m spi e 

of their higher operating to the touch. Mold- 

than wood-flour filled ^ eonductivity than the 

ZZXZ Xh .Plmns -re 

;rrinn-^:^rr;rr:as a^mw and inefficient 

process. „„,sess value as heat insulators, and 

Various cellular plastics po „,.terials described in the 

in tests upon some of factor was 0.25 to 0.30 for 

chapter on physical properties, the K-factor 
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most of the materials (Btu/sq ft/deg F/hour/inch thickness). The 
density of these materials is lower than various fibrous boards, 
loose rock wool, or felted hairs. Goggin and Bradshaw obtained 
some interesting results in determining the thermal conductivity 
of packed polystyrene fiber as a function of density (see Fig, 38).* 



Ftg. 38-Thermal conduciivify of packed polystyrene fiber 


Test for Thermal Conductivity—(ASTM Spec. D 325): Ther¬ 
mal conductivities of plastic materials are determined by com¬ 
parison with known standards. If the methods outlined in the 
applicable ASTM specifications are observed, an accuracy of 10 
per cent may be expected. A standard sheet specimen and an 
unknown sheet specimen are placed between two plates of uniform, 
but different temperatures. After steady-state conditions are ob¬ 
tained, the temperature gradient across the standard and the test 
specimen are observed. A convenient size for the specimen is 8 
inches square and less than i/a-inch thick. Temperature readings 
are made by thermocouples mounted between test specimens. 

^ tandard sheets should be of the same size as the test specimen and 
in icknss one-half or not more than twice the thermal con- 
uctmty of the test specimen. Thermal conductivity of nlastir 
materials is approximately a linear function of temperature with- 

•VV. Goggin and R. Bradshaw—Mod. PZosWcs—21, 101, July, 1944. 















































































































164 


PLASTICS IN ENGINEERING 


in certain limits, increasing with higher temperatures. For this 
reason, 70 C (158 F) is suggested arbitrarily as the temperature 

of the hot plate. 


Thermal Expansion 

In general, plastics expand two to six times more rapidly 
than the common metals, and in assembUes of 

allowances must be made in the design to compensate for these 
differences. The compensating features should also be ^ 

broad to avoid severe stresses if the metal part should heat up 
before the plastic, as explained in the preceding section 

In the case of the softer, plasticized thermoplastic matenals, 

creep under stress may alleviate some of the stress due o 
^rdlffeSnces of expansion with metal. The P— howeven 
may be occasioned by causes other than expansion d - 

After or service-shrinkage, due to polymerizaUon or 

of volatiles, may in fact be the prime cause ^ 

“-dii^i^ pra“S rrCrrrs—- 

Ta"— bonding or assembly of long lengths wherever 

uossible. Recent developments m fillers h 

special glass powders which lower the coefficient o o*P“ ^ 

polystyrene to 1.65 and polydichlorostyrene to 1.72 ( X10 ). 

/TziYiGitv nf tliG molded product wus 1.80. ^ 

"t tlo much dl is available on the ™bical expansion^ 

dimensions, except for ^th-^'^tics ^ 

share break in expansion-versus-temperature character- 

utics. This discontinuity m the slope 

plotted against plastics-. Polysty- 

temperature, has been e e « nt SI C polyvinyl but>Tal at 

rene has a second order f *^ 3 ^^ pol^nyl alcohol at 

45 C, polymethyl methacrylate at 53 C, and poiyvi y 

58 C. „i i^Ynansion: ASTM D 696—“Coefficient of 

Test for Therm „ t „ suitable specification to follow in 

T.in par Thermal Expansion is a smta p 


r^no..-Elec. XO. 151. P. SO. March 1948. 

• • H. Meissner and E. jsaerriu. 





THERMAL PROPERTIES 


165 


the determination of expansion coefficients of plastics. An ac¬ 
ceptable range in measuring thermal expansion for plastics is 

— 30 C to plus 30 C. 


Thermal Shrinkage 

Thermal shrinkage is comprised of two parts: 

Mold Shrinkage: Shrinkage measurement from room tem¬ 
perature measurements of mold to the molded article (after it has 

cooled down to room temperature) 

After Shrinkage: After-shrinkage or service-shrinkage is 
the continued shrinkage taking place in a plastic material after it 
has been formed. It generally is accelerated by the action of 

higher temperatures. 

Typical mold shrinkage values for various plastic materials 
are listed in Table XXVI. 


Table XXVI 

Representative Mold Shrinkage Values 


elastic Material 

Phenolic, woodflour filled 
Phenolic, fabric filled . .. 
Phenolic, asbestos filled . 
Urea, alpha cellulose . .. . 
Melamine, asbestos filled 

Polystyrene . 

Polymethyl methacrylate 

Cellulose acetate ... 

Cellulose acetate-butyrate 

Polyamide .. 

Polyvinylidene chloride . 
Polyvinyl chloride-acetate 
f-thyl cellulose . 


Molded By 

.. . Compression 
... Compression 
. ,, Compression 
.. .Compression 
.. .Compression 
... Injection 
...Injection ... 
. .. Injection , .. 
.. .Injection . ,. 
...Injection ... 
...Injection ... 
... Injection . .. 
. .. Injection . .. 


Shrinkage 

(in./ln.) 

0.007-0.009 

0.003-0.007 

0.003-0.005 

0.006-0.011 

0.004-0.007 

0.002-0.008 

0,003-0.006 

0,002-0.003 

0.002-0.003 

0.012 

0.005-0.015 

0.001 

0 . 001 - 0.011 


Allowances for mold shrinkage should be made in the de¬ 
sign of molds in order to maintain reasonably accurate tolerances. 
Where intricate shapes are involved, however, plus nonuniform 
wall thicknesses, the problem of allowing for mold shrinkage be¬ 
comes more difficult. This aspect is discussed at greater length 
in the section devoted to mold design. Molding methods also in¬ 
fluence the results. In transfer molding, for example, mold shrink¬ 
age values may be appreciably less. This may be due in part to 
the higher molding pressures and the fact that the material has 
partly cured by the time it fills the mold. 

After or service-shrinkage of thermosetting compounds may 
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be due largely to continued polymerization, which while only a 
small fraction of that incurred during molding under pressure, 
may bring about further dimensional changes. TyP>'^l = 

for a phenolic molding compound are shown m Ftg. 39. W 
the curves have leveled out after prolonged heating, if the tem¬ 
perature were to be raised further-say to 300 F, the 
would Increase another 30 to 50 per cent. Up to the present time 
It has not been possible to eliminate after-shrinkap in thermo¬ 
setting compounds. Where a high degree of dimensional accuracy 



39 —Shrinkage on exposure to 
' pheno/ics.. A-onc-minufe cure; 


B—fwo-minu#e cure,, anu 'w 


1 . 1 . 1 /ioT* will aive the molded parts an 

is required, however molder » g 

after-bake, raising the ^ ^fter this after- 

where parts may \„doabtedly will be a negligiblo 

Quantity at room or slightly elevated temperatures. 

- rj. pelmonte-rra«.. ASME-62. Page 513. 1940. 
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After or serv'ice-shrinkage in thermoplastics may be quite pro¬ 
nounced, especially if they are heated beyond their safe limits of 
operation. This shrinkage generally is due to evaporation of vo¬ 
latiles or the relief of internal stress received during molding. 
For cellulose esters, the linear dimensional changes may be as 
much as 1 to 2 per cent (0.010 to 0.020-inch/inch) as a conse¬ 
quence of complete drying out (in one typical example). In the 
case of polystyrene held at a temperature of 212 F, shrinkage 
due to the relief of internal stress may be as much as 15 per cent. 
A more dimensionally stable compound is available in chlorinated 
biphenyl-polj'styrene where, under the same conditions, the shrink¬ 
age is only 2 to 3 per cent, though even more satisfactory results 

are obtained with polydichlorostyrene. 

Test for Shrinkage: ASTM D-551 “Measuring Shrinkage from 
Mold Dimensions of Molded Mat’l’* outlines the procedure for de¬ 
termining mold shrinkage. Test specimen recommended is the 
same as used for impact and flexural tests, comprising a 1/2 x 1/2 x 
5-inch bar. Molding pressures recommended are 3000 to 5000 psi 
and various temperatures are suggested, depending upon whether 
a thermoplastic, urea, or phenolic is being molded. The test molds 
are described in ASTM D-647 “Molds for Test Specimens of Mold¬ 
ing Materials Used for Electrical Insulation.” 

Heat Distortion Temperature 

The heat distortion temperature generally is recognized as 
a safe working temperature limit for most thermoplastics and 
thermosetting compounds. There are exceptions and examples 
which Mill be cited later, where higher operating temperatures 
have been entirely feasible, though as a good guide the values in 
Table XXIV are recommended. 

Recent improvements in thermoplastic compounds have made 
available materials with improved heat resistance over those 
listed in the table. Some of these materials and their heat dis¬ 
tortion temperatures are listed in Table XXVn. 

The new thermoplastics with heat distortion points above 212 
F open new possibilities of injection molded articles capable of 
withstanding the effects of boiling water. Until the last few years, 
this was a difficult requirement to fulfill, and a reason why many 
thermoplastics were kept from uses involving high temperature. 
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Heat Distortion Test: ASTM D-648 “Distortion Under Heat 
of Molded Electrical Insulating Materials” describes the testing 
technique for arriving at the heat distortion point of various 
plastics. The test specimen, 1/2 x 1/2 x 5 inches, is supported on 
a 4-inch span, and a load of 5.5 pounds (264 psi fiber stress) is 
applied at the center. The temperature is raised 1 degree C 


Table XXVII 

Heat Distortion Temperatures 

Heat Distortion Temp, 
(deg F) 


Material _ 

Modified polystyrene—*' Gerex’' ... * . * 

Polymethyi° nfethacrylat^ resisting . 

pKnyl carbazole-“Polectron»» ... 

Modified g’’. 

Modified polystyrene—' Kopper s P-8 . 


212-230 

230-265 

187-200 

212-300 

186-195 

200-210 


every two minutes and the temperature noted on the 

When the deflection reaches ^ eject 

ture read at that time is the heat distortion point. In effe 

thpse results measure creep under flexural loading. 

‘“eS dl are obtained when the deflection -asurem^nU 

^ a broad range of temperatures. Fig- 40, taken 

paper by Schwerts, Sauer, and Worf > illustrate the tm- 
re^ture stability of several representative stressed plasties, when 
measured on the ASTM heat distortion apparatus. 


Thermoplastic Properties of 
Thermosetting Materials at High Temperatures 

When fully cured thermosetting laminates or thermosetPng 
phenrc molding compounds are reheated at ten.^- ^ 

r;—stS ThL rtuTe :r:f .0 post. 

amount of thermopias y ... loTmirmfpc? described more 

forming operation on thermosetting laminates, 

''' d W tkin^^They Mcate quite definitely that at temperatures 
of 400 F and higher, the thermosetting laminate 

Delmonto and March, 1045. 

•j. Bauer, V. Schwertz and D. won 
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Fig. 40 — Temperafure-deflecfion eharacforistlcs of various plastics as reveafod in ftsfl 

on ASTM heaf-distorfion apparafus 


formed. Other variables explored included the effect of cloth 
weave (greater deformation along the bias), and the effect of 
cure of resin. When the resin is only partly cured, deformation 
definitely is greater at the higher temperatures. These results 
were obtained in the ASTM Heat-Distortion apparatus maintained 
at a constant temperature level. Physical properties are not ad¬ 
versely affected by this short exposure to high temperature, 
though if left in contact with hot oil for too long a period, blister¬ 
ing of laminated canvas will take place. 

Maximum Safe Operating Temperature 

The maximum safe operating temperature must be determined 
from the service conditions of the intended application. If the 
material is thermoplastic and is to be under some physical stress, 
the heat distortion point should certainly represent the maximum 
safe temperature of operation. On the other hand, if there is 
little or no stress upon the member, higher temperatures may be 
used. For example, the author has used molded coil bobbins of 
cellulose acetate at temperatures of 200 degrees F for unlimited 
periods with no apparent loss in serviceability of the plastics. 
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In the case of the thermosetting phenolic plastics, the maxi¬ 
mum safe operating temperatures must be determined from such 
data as those presented for impact strength, wherein the loss in 
strength is illustrated after prolonged exposures. Of course if no 
stress is applied on the part, it may be kept at the high tempera¬ 
ture for longer periods of time. Wood-flour phenolics, for ex¬ 
ample. are not approved for temperatures higher than 292 de- 


Micorta 444,0.110-in. 
thick; maximum fiber 
stress = 1000 psi , 


300 


Micorto 444,0.227 
-in. thick; mox.fiber 
stress =1000 psi 


a 


0 


Formica CN-ll,0.i20-in. 
thick; moximum fiber 
stress=1000 psi 


0 . 


0 .! 


0 


3Q0F 


Formica CN-11,0.248 
in. thick: mox 


fiber stress 
lOOOpsi 


250 


Molded phenolm 
wood flour, 0. 
in. thick; max 
fiber stress 

1000 psi 


300 F- 


-O 


,^20^*60 8^10^ WulbO 0 20 40 60 80 100 120 140 160 

Time ( seconds) 



Fig. 41-CharacferUtic deformation corves for fully cured fam,nates 

F bv such agencies as the Fire Underwriters On the other 
S, asbestos compositions are fo^ulated to -thstand much 

higher operating temperatures —p J„„ged 
ueintoreed "^t" ^00 degLes F. Temperatures 

rr^SiigrerF wm —attm" 

Molded ureas are not recommended "“^f^Utement. 

higher than 170 degrees F ‘>«au“ ”f g 

Speciai moided continuously. 

?he” oniy'tettd of ascertaining the efficacy of these material 











































































































































THERMAL PROPERTIES 


171 


at high temperatures is to try them out under continuous serv¬ 
ice operation at the elevated temperatures. Too often the de 
signer has been misled by sales and advertising literature usually 
implying a continuous high-temperature rating for plastics which 
will in reality withstand these temperatures for only a short pe¬ 
riod of time. iVhen heated continuously in excess of their ratings, 
these materials have slowly carbonized and deteriorated. At pres¬ 
ent, there are special grades of phenolics that will withstand 400 

to 450 degrees F continuously. 

A number of cold-molded plastics will withstand elevated 
temperatures without much difficulty. For application at high¬ 
er temperatures, such as plugs for electric irons and switches 
for high currents, they are widely used. From an appearance 
standpoint, they do not have the fine luster of the phenolic resin 
finish, and physically they are brittle. Notwithstanding, they 
are suitable for many purposes. 

One of the best criterions for determining how long a plas¬ 
tic material may be safely kept at a high temperature is to ex¬ 
amine the change in some physical property. In this chapter 
the shrinkage changes accruing as a result of high temperature 
exposure have already been examined. Embrittlement as marked 
by lower flexural strength and lower impact strength is the con¬ 
sequence of continued exposure of cellulosic-filled phenolics at 
temperatures over 300 F. In the accompanying curve. Fig. 42, 
the loss in impact strength is noted with the passage of time. 
Under the same conditions, an asbestos-filled phenolic suffered 
only minor changes at 300 F. 

In some recent tests upon laminated phenolics•^ various grades 
were exposed to temperatures of 225 C for several hours. Some 

of the test results are shown in Table XXVUI. The writer in 
more recent tests upon phenolic laminates, has observed that the 

loss in strength of phenolics has depended not only on tempera¬ 
ture. but also upon oxidation phenomena. Loss in strength in 
hot oil. for example, is not nearly as severe as in open air at 
the same temperature. 

In a thorough series of tests to determine operating tem¬ 
perature limits of molded phenolics, Carswell, Telfair, and Has- 
langer reported the limits listed in Table XXIX, based upon a 
ten per cent decrease in strength after 162 hours of continuous 

I*--- l^ciusm&iio, A. PRrlcInsoD 3.nd G* Slilns—Sj/i7iposiwwi—Pcij, 22 1944 
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heating"\ The results were reasonably close for either the flexural 
or impact strength, both of which were employed to evaluate the 

effects of temperature. 

Flammability 

With the exception of certain of the melamine formaldehyde 
compounds, most of the plastics may be ignited or caused to burst 
into flame. Some are immediately self-extinguishing, others will 
continue to burn for quite a period of time. Chlorinated resms 
and phosphate plasticizers in thermoplastic compositions have been 



48 77 96 120 

TIME OF EXPOSURE IN HOURS 

contributing factors toward the f Xfe "tSl of 

various conrpounds. 

r: "f b— Seif-entiuguishing grades of oellniose 

" the 

- cr^nnd detennines how it will bum when igmted. Laun 
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nated canvas, for example, may continue to smolder after ignition 
due to continued burning of canvas. On the other hand, min¬ 
eral-filled materials (glass or asbestos base) may experience a 
surface charring, though still retain an appreciable portion of 
their original strength. The cellulosic-filled phenolic compounds 
may be ignited at temperatures of about 400 C after approxi¬ 
mately one minute heating time. Flame-resistant laminates were 
developed for use on shipboard from mineral-filled melamine- 


Table XXVIII 

Flexural Strengths of Laminates at 326 Degrees Cent. 


Laminate Initial 

Phenolic, paper base .*. .. . 14,000 

Phenolic, canvas base . 21,000 

Phenolic, asbestos base .. 22,S00 


After 

After 

.\f(er 

.Vfler 

1 hour 

2 hours 

4 hours 

11 iioar> 

12,100 

‘>700 

10.600 

7S0O 

11,300 

9S50 

6960 

3120 

15,700 

16,000 

12,300 

16,000 


formaldehydes. These possessed high ignition temperature, low' 
burning time, and reasonable retention of mechanical strength 
after burning. Good retention of flexural strength has also been 
observed for phenolics reinforced wdth asbestos webs. •• 


Table XXIX 


Limiting Temperatures’*' for Phenolics 


Material 

Pure phenolic resin .... 
Woodflour-filled phenolic 
Fabric-filled phenolic .. 
Cord-filled phenolic ... - 
Mica-filled phenolic .... 
Asbestos-filled phenolic 


Limiting Temp. (deg. 


Impact 

FlexurtU 

284 

2B4 

302 

33S 

266 

302 

266 

266 

392 

392 

42S 

42S 


• Based upon ten per cent reduction In Impact or flexural strength after 
162 hours of heating. 


Tests for Flammability: ASTM D-568 “Flammability of Plas¬ 
tics 0.050-in. and under in Thickness” outlines an excellent pro¬ 
cedure for evaluating the flammability of thin foils. A fusee strip 
of cellulose nitrate, one inch square, is stapled to the test speci¬ 
men and ignited. Time of burning and area burned are reported. 

ASTM D-635 “Flammability of Plastics over 0.050-in. in 
Thickness” outlines a procedure whereby the specimen is sup¬ 
ported horizontally on a ring stand and ignited with a bunsen 


•J. Gale, R. Stewart and J. Alters—Flasftcs—2, 56, June, 1945. 














174 


PLASTICS IN ENGINEERING 


flame Rate of burning is determined from an average of sev¬ 
eral tests. Another tentative method, ASTM D-757, introduces 
a globar heating element for igniting self-extinguishing types of 
plastics. Still other methods which have been employed, include 
a constant-temperature bath of fused salts which will ignite the 

plastic. „ ., 

High-Temperature Resistance: It is apparent that one of e 

best criterions for determining the service temperature limit of 

plastics is the heat-distortion point. This factor conSders stress 

as well as temperature^ Considering all of the plastics as a group, 

however, the^sllicone resins M polytetrafluoroethylene appear 

as the only’^sinous materials at the time of “f 

withstanding temperatures over 500 P. APphcabon of a sihcone 
nibber-like material to resistance wire coils is lUustrated m Pig. 
43 Silicones have also been utilized as msu a mg m 
electric motors and, in permitting much higher operating t 



Fig. 43 

operate 


at 500 F and withstand the 

times from that temperature info icy so 
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peratures than possible with the usual classes of insulating ma¬ 
terials, will permit a much greater horsepower output for a given 
motor size. 

Low Temperature Resistance: Polyethylene, polyisobutylene, 
silicones, and polytetrafluoroethylene, appear among those non- 
rigid plastics capable of retaining good flexibility at low tem¬ 
peratures. The low-temperature flexibility of pol>winyl chloride- 
acetate has been assisted through the selection of certain plas¬ 
ticizers such as dioctyl phthalate and trioctyl phthalate. An 
ASTM Test D-736 “Low-Temperature Brittleness of Rubber and 
Rubber-like Materials’’ has compared the nonrigid plastics at low 
temperatures. Test specimens are mounted in a loop and attached 
to plates spaced 2 V 2 inches apart. After a suitable period of 
exposure to a prescribed low temperature, the plates are brought 
to a position where they are one inch apart. The specimens then 
are examined for visible cracks. 

SPl Method of Classification of Molded Plastics 

A classification chart for molded plastic materials has been 
adopted by the SPI (Society of Plastics Industry). The grade 
number ascribed to a plastic material consists of five digits, based 


Table XXX 

Representative SPI Designations for ]>IoIded Plastics 


SPI 

Material Grade Number 

ASTM 

Heat 

Distortion 
Temp, (deg F) 

ASTM 
Impact 
Strength 
(ft Ib/in.) 

ASTM 

Tensile 

Strength 

(psI) 

Cellulose acetate 
(D-706-Type S- 
general-purpose) 

11172 

110 

1.7 

2000 

Cellulose acetate 
(D-706-Type VH- 
heat resistant) 

16056 

160 

0.5 

6000 

Ethyl cellulose 
(D-787-Type I) 

14256 

140 

2.5 

6000 

Polystyrene 

(D-703-Type I) 

17035 

170 

0.3 

5000 

Phenol-formaldehyde 
(D-700-Type 3> 

26036 

260 

0.3 

GOOD 

Melamine formalde¬ 
hyde (D-704- 
Type I) 

30026 

300 

0.2 

6000 


upon certain of the thermal and physical properties of the ma¬ 
terial. The first two digits indicate the minimum heat distortion 
temperature using a flexural load of 264 psi (ASTM D-648): for 
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example, 10 for 100 F, 11 for 110 F, «- 

indicate the minimum impact strength (ASTM D-256)- 
amoie 0 03 for 0.3 ft Ih, 10 for 1.0 ft lb, etc. The last <hgit 

5 for 5000 psi, 6 for 6000 psi, etc. “ing to tte dass.- 

fication, a grade number of ^"“^^aooO psi tensile 

distortion temperature, 2.3 ft lb impact, aiiu f 

strength This system of classification is assuming « 

strengt /i««;«TiPrs and engineers employing molded 

importance among ^ g pxamnles selected from the classi- 

plastic materials. A few typical examples seiectea 

fication chart are listed in Table XXX. 


Chapter VI 

Electrical Properties of Plastic Materials 


As electrical insulating materials, plastics are outstanding 
for their general all-purpose utility. Aided by good mechanical 
strength, they are widely applied in engineering designs, fulfilling 
a dual role as a structural as well as electrical insulating ma¬ 
terial. It is not surprising to find that electrical equipment 
manufacturers were among the first to support the development 
of plastics, finding them indispensable to their manufacturing re¬ 
quirements. While fields of application of plastics have extended 
in many directions, the electrical industry still affords the larg¬ 
est outlet for plastic products. 

There are inorganic materials which perform better than the 
organic plastics at high temperatures of operation. In particular, 
mica sheets and high-heat porcelain are still irreplaceable. Never¬ 
theless, as a general insulating material possessing certain dis¬ 
tinctive features, organic plastics are outstanding. A striking ex¬ 
ample of the versatility of molded plastics is the manufacture 
and application of an ignition distributor housing. Fig. 44. Many 
of these have been produced in phenolics for automobile engines, 
though the more arc-resisting melamine formaldehyde has been 
preferred for high-altitude aircraft. A complicated piece, its large 
production is rendered practical by plastic molding, where the 
electrical contacting elements are maintained in precise relation¬ 
ship with one another, and the necessary insulating qualities are 
developed. 

Among the physical forms of plastic insulating materials are 
the following: 

(a) Molded Parts: These provide not only a durable ma¬ 
terial of construction, but also facilitate the assembly of many 

small inserts, which are integrated into an easily handled unit 
by molding processes. Practically all thermosetting as well as 
thermoplastic resins have been utilized as molded parts for elec¬ 
trical requirements. 

(b) Nonrigid Foils and Tubes: Thin sheets of organic 
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plastics, produced by extrusion or casting, possess a uniformity ot 
texture and quality unpossessed by their pre ecessors o 
papers. Thin-wall extruded tubes are also outstM '"S <>■■ 

good flexibility, color selection, insulation properties, and oil re 



• * Thp availability of these foils and tubes has made p 

sistance. The avaiiaoui y tt+vivI rellulose, cellulose 

are typical plastics prepared : Laminated 

tulflll the requirements m ^b^^ ^ assortment of in- 

Thinner sheets are punche terminal strips, arma- 

aulating members such as radio tube bases. 

(d)‘ Wit^TiOH 1 Extruded havV 

per wire, '’"'jj^^^berarinsulation. In thin coatings 

placed earlier enamels or rubber 
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for magnet wires, polyvinyl formal has demonstrated a toughness 
and abrasion resistance unsurpassed by earlier oil-base enamels. 
As thick insulating sheaths, plasticized polyvinyl chloride has 
added permanent flexibility and resistance to oils and greases to 
wire insulation. Polyethylene sheaths are preferred for the ultra 
high frequencies. 

(e) Coatings: Many of the organic plastics are available 
in solution form for application as a coating material. Silicone 
resin varnishes, alkyd resin varnishes, polystyrene solutions, bi¬ 
tumen-base materials, and cellulose lacquers are but a few of 
the plastics applied as coatings or impregnants. The presence 
of volatiles has always hampered the build-up of thick insulation 
and the attainment of optimum properties. Recent developments 
in certain solvent free impregnants (such as “Fosterite”) and 
polyester resins make possible a new technique of impregnating 
armature coils. Other solutions to this problem have been achieved 
by transfer molding of thermosetting materials about armatures 
or coil forms for fractional-horsepower motors, forming a rigid 
and permanent assembly. Continuous, integral contact of an in¬ 
sulation free of bubbles, insures long life for the electrical equip¬ 
ment. 

While there are certain conditions appearing in the process¬ 
ing of molding materials which may adversely affect the inher¬ 
ent good electrical properties of a synthetic resin, there are also 
adverse circumstances which may arise in applying the materials. 
With the exception of a few fillers which inherently possess ex¬ 
cellent dielectric qualities, the majority of the fillers, plasticizers, 
hardening agents, and catalysts detract in some degree from these 
properties of the synthetic resin or cellulose derivative. When 
a plastic is to be recommended for its electrical properties, care 
is exercised in processing the molding compound to minimize the 
effect of harmful ingredients. To maintain good electrical prop¬ 
erties, the custom molder must not expose the materials to mois¬ 
ture, though such practices as preheating will do much to elim¬ 
inate volatile matter that may adversely affect the final electrical 
properties. 

From a design standpoint, the engineer must remember that 
a surface which is smoothly finished with a good gloss will have 
better dielectric properties than satin or machined surfaces, which 
enhance the possibility of entrapping moisture and dust that will 
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lower the dielectric properties. Further, he must investigate the 
limitaUons of the materials insofar as dielectnc quaiittes at ele¬ 
vated temperatures are concerned and behavior m the vicini > 

of power arcs. 


Dielectric Constant 

The dielectric constant is a measure of the effectiveness of 
a material when used in a condenser. By definition, equa 

to the ratio of the capacity of a condenser with a given dielectric 
to the capacitance of the same condenser when air replaces e 
dielectric material. The dielectric constant of air is t^n as 
unity There are several factors which influence e ® ® 
instant, one of them being the frequency at which obse— 
are made. For this reason it is the usual practice 
the dielectric constant of an insulating material at 60 _ 

cycles, and 1000 kilocycles. Typical values are given 
ttxxi at aonroximately 21 degrees C (70 degrees F), with sev 

eral other common dielectric materials 
purposes. Dielectric constants of some of t P 
ytics are affected by «s in -P-- 

rarbeerrowl to « L much as 20 per c nt^ I-- 
circuits. Where all intro- 

duced by changes in temperature are not ^way= 

must be corrected by some fo™ critically tuned 

characteristics usua y is . ™ccqter stability in dielectric 

radio circuits. Other plastics exhibit greater 

characteristics than the one ]us MC _ amount 

feet the dielectric f-"‘“J"^;;T^Ltric constants of 
absorbed by the matena . g J « fug materials have been 
the phenolic - ^ 

n^rplltics'^arT compared in their behavior toward water m 
vS in 

orable ““‘^larization which an impressed held 

‘:dt“ in them While recent investigations point to some evi- 
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Table XXXI 


Representative Dielectric Constants 


Material 

Description 


At 60 
cycles 

At 1000 
cycles 

At 1000 
Kilocycles 

Phenol formaldehyde .... 

Cast resin . 


20.0-30.0 

12.0-15.0 

7.0-8.0 

Phenolic, molded . 

Woodflour . 


5.5-7.0 

4.8-6.0 

4.5-5.5 

Phenolic, molded . 

Fabric filler . .j.. 


7.0-10.0 

6.0-9.0 

5.0-6.0 

Phenolic, molded . 

Asbestos . 


12.0-15.0 

8.0-12.0 

5.0-7.0 

Phenolic, molded . 

Mica ... 


5.0-5.5 

4.5-5.0 

4.5-5.0 

Phenolic, laminated • .. • 

Paper, Grade X 


0. * m m 

* « t • 

4.5 

Phenolic, laminated .... 

Canvas, Grade C 


5.0-7.0 

• • • • 

4.5-6.0 

Urea formaldehyde, molded 

Alpha cellulose ., 


7.0 

6.4 

5.8 

Melamine formaldehyde, 

molded . 

Mineral filler ..., 


6.4-9.9 

• « 4 • 

6.7 

Polymethyl methacrylate 

Sheet . 


3.4-3.6 

3.2-3.4 

3.0-3.2 

Polystyrene . 

Molded ... 


2.6 

2.6 

2.6 

Polyvinyl chloride-acetate 

Rigid sheet .. 


3.2-3.3 

3.1-3.2 

3.0-3.1 

Polyvinylidene chloride .. 

Molded . 


3.0-5.0 

3.0-5.0 

3.0-5.0 

Cellulose acetate . 

Molded (flow-286 

F) .... 

3.5-7.5 

3.5-7.0 

3.2-7.0 

Cellulose acetate . 

Sheet ... 

5.3-5.8 

5.0-6.0 

4.0-5.0 

Cellulose acetate-butyrate 

Molded (flow-286 

F) .... 

3.5-6.‘t 

* « * « 

3.2-6.2 

Polyethylene . 

Sheet . 

2.25-3.0 

2.25-3.0 

2.25-3.0 

Polyamide . 

Molded . 


4.0-5.0 
3.2-4.0 

4.0-5.0 

3.0-3.8 

3.4-4.0 

Ethyl cellulose .. 

Molded . 


3.0-3.7 

Cellulose nitrate . 

Sheet . 


6.7-7.3 

» • 4 4 

6.2 

Allyl resin (CR-39) . 

Cast . 



3.8 

3,6 

Polytetrafluoroethylene ... 

Sheet . 


2.0 

2.0 

2,0 


dence of dipolar rotation of long chain molecules in explaining 
the decrease of dielectric constant with frequency, most of the 
polarization phenomena of the plastic solids are due to interfacial 
types of polarization. Nonpolar substances like polystyrene or 
polyethylene suffer little change in dielectric constant with change 
in frequency. On the other hand, plastics with pronounced polar 

groups show decided changes with frequency, and appreciable di¬ 
electric loss factor. 

During World War II, radomes constituted the largest prod¬ 
uct of the low-pressure laminating industry. Their chief func¬ 
tion was to protect the radar antenna, and at the same time 
permit the passage of high frequency waves. It was observed 
that the radar range was seriously affected at the thickness of 
sheet stock equivalent to one-quarter of the wavelength divided 
by the square root of the dielectric constant, which is the equiva¬ 
lent quarter-wavelength thickness. Some designs proved ineffi¬ 
cient, due to the fact that their thickness was in close proximity 


Table XXXn 


Effects of Water on Electrical Properties 


Grade of 

Laminated Phenolic 

Paper (X) .. 

Rag paper (XX) 
Kraft paper (XP) 
Asbestos (A) ... 


Dielectric constant- 

As After 24 hrs. 

received in water 


4.7 

4.5 
4.7 

6.6 


5.8 

4.9 
5.2 
8.0 


•--Power 

As 

received 

.038 

.034 

.042 

.150 


factor— 
After 24 hrs. 
in water 

.043 

.036 

.046 

.200 
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+V, 1/ wavelength Optimum preferred thicknesses for pol> 

to the 1/4 wavelengtn. v 0.418-in.; acrylic plastic, 

styrene (dielectric cons an Fiberelas reinforcement (di- 

0.180-in.; and polyester resin with Fiberglas 

electric constant of 4.0) was 0.29 m. d-ISO “Power Factor 

xests lor Diel^Wc Haterials” out- 

tTbroS^ved^crfX.' '°For determining the power factor 

irrVe^^ric constant of 

tion parallel to the ^ Laminations of Laminated Sheet 

and Plate Insulating ’ ^fTseheLtic outline of the 

for the preparation of test spe ^ constant and power 

procedures used in determining dielectnc 

factor follows laminated sheet ma- 

1. TEST Speomeesi For mo a 

terial, test specimens should be o.lO-inch nor more 

6-inch square with a thic ,apiaed laminated tubes 

than 0.30-inch. Tests "P® “ ^ to provide a capaclt- 

should utiUzc specimens of 3 j the test, specimens 

ance of at least 70 '“cro-microfa^ad.^^^^^ , 

should be maintaine gg ^ gj.ggs f). 

temperature of 20 to 30 degrees C (68 to 8 ^ ^ 

2 electrodes: Tin or lead *oil of 

and 0.001 to 0 . 002 -lnch thick should „oer a 

the test specimem Tubes^- wrapp^d^^ o,o„ 

brass tube or ba dielectric member. 

thickness of the tube serves . impedance bridge 

3 . Method for 25 to ^ useful for accurate determina- 

measurements are among ^ resistance. An ideal condenser 

tion of capacitance and equivalent ^ ^, 1 ,^ 

has no equivalent senes resis require sensitive 

power frequencies these ^^^^es ^ar^ejma 

measuring apparatus bridge and Schering bridge me 

allel resistance and ^"'^^^eaistance coupled amplifiers 

urements usually are recom „ts at low frequencies, 

are the best suited lo/^v TEsr Among the most reliable 


4. Method fob 100-Cycle Test. 
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harmonic free sources of 1000 cycles alternating current are tun¬ 
ing fork oscillators. Impedance bridges using this power source 
are useful in determining power factor and dielectric constants 
of plastic materials. The bridge may be tuned by aural indica¬ 
tions in a pair of headphones, listening to a null sound, or observ¬ 
ing visual meter readings. 

5. Method for 100 to 1500-Kilocyclb Test: Arbitrary 
test frequencies to select for measurement are 100 and 1000 kilo¬ 
cycles. A vacuum tube oscillator with low harmonics output 
would serve as a suitable energy source. It is important that 
the apparatus and measuring circuit be well shielded from ex¬ 
ternal interference. Substitution methods are employed in intro¬ 
ducing the specimen capacitor in a tuned resonance circuit, in 
parallel with an adjustable air capacitor. Thermocouple galvan¬ 
ometers are the conventional instrument for measuring resonant 
radio-frequency currents. 

These test details for measuring power factor and dielectric 
constants are rather brief, and for more complete data the reader 
should refer to a standard text on electrical measurements. 

Dielectric Strength 

The dielectric strength of a plastic is the maximum poten¬ 
tial gradient that the material can withstand without rupture. 
It is calculated from the breakdown voltage and the thickness of 
the specimen near or at the point of rupture, and is commonly 
expressed as volts per mil of thickness. When thin foils are 
ruptured, it is as if a small pin hole was made through the ma¬ 
terial, though when thicker sections experience dielectric failure 
the path of least resistance may prove to be an irregular path 
through the material. Phenolic plastics generally will leave a 
burned, carbonized path in the wake of the dielectric failure. 

Aside from high voltage transformers, electrical equipments 
are not necessarily exposed to high working voltages. Common 
r.m.s. voltages are 110 and 220 volts, though in obtaining ap¬ 
proval of electrical apparatus for sale, proof test voltages of 1000 
plus twice the operating voltage may be applied to test the ade¬ 
quacy of the insulation. Where high operating voltages must be 
withstood by thin insulating foils, the designer must insure ade- 
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gradient. 


quate thickness of insulation to withstand the potential 
The dielectric strength of thin foils of organic piastres rs rern^k- 
ably high (see Fig. 45), and in applications to condensers o 
ous coils, the limiting factor generally proves to be eithe 

mechanical strength of the foil, which if torn, 

tiical insulation, or the length of the conducting path over 

surface of the material. 
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/ 
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Ethyl 
cellulose foil 


Styrene monomer 


Grode xx-lominoted 
phenolic-po per 


8 10 
thickness (mils) 


fig. 45-R.M!<.nsMs «' dl.l.d* •'""s"' '» 

Variation of dielectric aTe tavolved. Of 

nounced when threknesses of ^alectric strength, in the 

theoretical interest too, P j has already been 

neighborhood of 1 mil thickness, i p ethylcellulose. 

observed for thin films the dielectric strength de- 

For thicknesses greater than M _ ^ ^ ^Uaaer 

creases slightly, though no o more susceptible 

sections. The thinner the insulating foil, the 
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it is to the effects of moisture, and in tests on dielectric strength, 
evaluations generally are made after preconditioning at some rela¬ 
tive humidity of approximately 50 per cent. 

Among other variables influencing the dielectric strength are 
temperature, the manufacturing process, and flllers present in the 
composition. The dielectric strength of organic plastics falls off 
at higher temperatures, a fact which is even more pronounced 
if there is physical stress present upon the specimen at the time 
the test is made. In fact the writer has obtained data showing 
a relationship between the physical stress in a material and its 
dielectric strength. Low dielectric strength sometimes is evidenced 
in molded articles, particularly where weld marks or flow marks 
are pronounced. Under the latter conditions, the dielectric 
strength may be a small fraction of that obtained upon a smooth, 
uniform section. 

Among the fillers, asbestos-base materials yield the lowest 
values of dielectric strength. In Table XXXTV, the dielectric 
strength and other electrical properties are tabulated, and some 
comparisons may be made of the dielectric strengths of different 
materials. Comparative dielectric strengths of laminated phenolic 
plastics are shown in Table XXXIQ. 

In tests upon cellulose acetate, melamine-formaldehyde, phe- 
nolics, and polystyrene, Telfair and Shuster obtained data on the 
dielectric fatigue strength*. The fatigue limit, expressed as a per¬ 
centage of the short-time dielectric strength, was in the range of 
52-63 per cent for the materials tested. This establishes the value 
of dielectric strength below which a specimen will not fail in an 
indefinite time. 


Table XXXIII 


Comparative Dielectric Strengths 

(A.S.TM. GO-cycle testa on -fg-inch materials) 


Material 

Paper, (X, XX) . 

Asbestos (A) . 

Light-weave fabric (LE) 
Heavy-weave fabric (CE) 


25 "C. 

700 

225 

500 

500 


Short time- 




100®C. 


25®C. 


itep by step 


100*0 


500 

100 

400 

400 


500 

135 

300 

300 


350 

75 

200 

200 


Tests for Dielectric Strength: ASTM D-149 “Dielectric 
Strength of Electrical Insulating Materials At Commercial Power 


• W. Shuster and D. Telfair, Modern Plastics, Vol. 25, 


p. 123, March, 1948, 
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Frequencies” established two procedures for the determination of 
dielectric strength; 


1. Short-Time Dielectric Strength: The voltage is increased 
from zero to breakdown at a uniform rate. The rate of volt¬ 
age application shall be 0.5 to 1.0 kv^ per second. This test is used 
most frequently for comparative re^ts as it is conducted rapidly. 
A motor-operated voltage controller (such as a “Variac”) in the 
nrimarv of the testine transformer eenerallv is recommended. 


2. Step by Step Test: An initial voltage equal to 50 per 
cent of the short-time breakdown voltage is applied, and then 

certain increments of voltage are applied and maintained until 
failure occurs. The increments of voltage for molded plastics, 
held at each step for one minute (ASTM D-48) are as follows: 


Short Time Breakdown Voltage Increment of Increase of Test Voltage 


25 kv or imder 1.0 kv 

25- 50 kv 2.0 kv 

50-100 kv 5.0 kv 

Over 100 kv 10.0 kv 


The short-time test method, giving the highest values of di¬ 
electric strength, is employed most frequently. The answer is 
obtained readily and affords an interesting comparison between 
materials. A slight current leakage invariably occurs across an 
insulator under a potential gradient heating up the conducting 
path. In raising this localized temperature more leakage occurs, 
until dielectric breakdown eventually takes place. As may be ex¬ 
pected, the dielectric strength is adversely affected by increasing 
temperatures. 

Molded test specimens are 4 inches in diameter and i/g-inch 
thick, and the test electrodes 1 inch in diameter and 1 inch in 
length, with edges rounded to a radius of i/g inch. The test speci¬ 
mens prepared from sheets or plates of insulating material are 
of sufficient area to prevent flashover under the conditions of test. 

The electrodes are 2 inches in diameter, with edges radiused to 
% inch. 

When arcing occurs over the surface of molded or lami¬ 
nated materials during test, it sometimes is recommended that 
tests be conducted in a good grade of insulating oil. For volt¬ 
ages up to 50 kilovolts, the capacity of the testing transformer 
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should be not less than 2 kilovolt amperes, and above 50 kilovolts, 
not less than 5 kilovolt amperes. 


Power Factor 

Of Singular interest are the nh 

various plastic materials for e ec material is the ratio 

definition, the power fac or o • i t n the nroduct of the volts 

of the power loss C-tW^“ raf— is the di- 

electric. The power held. 

The electrical certain amount of heat. 

An ideal condenser would have^nojos^ta^ e^^ gy 

power factor, m w'“o'' ^ condition is practicaUy 

voltage wave by fu y oolvstyrene approach the 

ideal Closely. Not only is the ,pp„,tus, but 

frequencies desira^ “ .^till " ot rsubject to change due to 
also a power factor that w 

ramifications of weather, e of thermoplastic ma¬ 
terial. The last feature is a particularly if 

terials, inasmuch as they are su Designs must 

the surrounding temperature 

qiave provisions to minimize cold °w. absorption 

In radios the “rcuit would change on humid days 

as the characteristics of the circ behave 

should the materials be ^ ^ ^ polyethylene have 

poorly in this respect, while polystyrene a 

the lowest absorption of all th^^mns ^^^^^ insulation in some 

PhenoUc materials _ for ra eomparatively high power 

cases have been limited, due oualities As a result, an 

factor and sUght moisture absorb. ^nterials 

effort has been made develop _ 

that will compete with o _ er removal of moisture as far 

careful selection of ““ “er" for electrical purposes than 

as possible. Though e^ , ,053 materials are outclassed by 
other phenolic resins, the *"W lo _ i^rquer 

polystyrene and polyethylene. Polystyrene 
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form has been of incalculable value to the industry. Low power 
factors mean a great deal to radio engineers, and the availability 
of plastics to suit requirements is another evidence of the utility 
of these materials. Comparative values of power factors are given 
in Table XXXIV. 

Another quantity, the loss factor, often is used to compare 
various dielectrics. It is a direct measure of the rate of heat 
generation per unit volume of a material caused by the dielectric 
loss at a stated frequency, voltage gradient and temperature. It 
may be calculated from the following relation: 


LF = K X PF 


where PF is the power factor, K the dielectric constant and LF 
the loss factor. 

This formula is an approxii-iation of the true calculation of 
the loss factor, which is equal to dielectric constant times the 
cotangent of the dielectric phase angle. The dielectric phase 
angle is the angular difference in electrical degrees between the 
sinusoidal voltage applied to the dielectric and the component of 
the resulting current which has the same frequency as the ap¬ 
plied voltage. The cosine of this phase angle is the power factor. 
When less than 0.1 the cotangent of the phase angle and the 
cosine of the phase angle are substantially equal, and the two 
may be used interchangeably. For higher power factor (higher 
values of cosine of phase angle) corrections would have to be 
made. 

Power factors and loss factors of plastic materials are de¬ 
pendent to an appreciable measure upon the operating tempera¬ 
ture and moisture content. The presence of water gives a rela¬ 
tively high power factor at 60 cycles and 1000 cycles. Some 
authorities are inclined to rely upon the power factor at 60 cycles 
as an index of insulation quality. The loss factors of molded 
phenolic plastics with asbestos base are about three times that of 
fabric or wood-flour materials. Conducting materials like graph¬ 
ite and the presence of catalysts or reagents which constitute 
electrical conductors, are a deterrent to low power factors. 

Loss factors and dielectric constants will vary with frequency 
to some degree (see Fiff, 46 ) and decidedly with temperature. 
Morgan and Yager conducted a valuable group of experiments on 
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c r»f nrffanic compounds, and some of their 
the electrical propertie how the characteristics of 

data is presented herewith, ^ polymethyl methacry- 

polyvinyl acetate megacycles* Fuoss has con- 

late vary from 10 kilocyc electrical properties of 

tributed much of dielectric constant and loss 

polyvinyl esters, and the These data are 

li* xSenri^peta**. ^ It has been shown by 
taken from one of his dielectric constants of the phe- 

Debing that power factors ^ p.position of phenol 

nolics may be reduced by substitutions at the 

or in the methylene bridgef. 




2.7" 


1 I 

Polymethyl methocrytote 
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Poly methyl methocrylote 
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Polyvinyl 
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ocetote 


Polyvinyl ocetote 
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Polyvinyl chloride 
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Polyvinyl chloride 


10 Kc 


100 Kc 
Frequency 


I Me 


10 Me 


While most «.-*^«iuency appucati^^^^^^^^^ 

and electronic devices „£ materiais to compounds 

and low loss factors, *'"“*“5 , tyrene, polyethylene, or in some 
such as polystyrene, axamples in which the rela- 

cases low-loss phenolic , phenolic and melamine moldi g 

tively high power factor o ^ Reference is made to the tech- 

compounds is put to of molding materials prior 

nique of high frequency preh t g preheating is de¬ 
toplacing them into the mold. High 


A w K Yager—nwl- ^ 
*s. o. Morgan an ^ 

•♦R. Fuoss— Jl* * 24 1940. 

tp Deblng-rrana. Elec. Soe.-90. 24. 


_-32, 1519, Nov., 1940. 
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70 

Temceroture 



90 


100 


potyyinyl ocefofe fG®/va 60;. o-^ eyc/e» per tec 

1000 eyc/et per tec; e-3000 cycles per sec; and d—10,000 cycles per see 

scribed more fully in a later chapter on molding operations, thougli 
the relaUonship of the power factor of the material is significant 
or example, in Fig. 48 the rate of heating wood-flour filled phe 
none molding compositions placed in the high frequency field it 
sho^m. While one minute may suffice by this technique to brim 
e materials to correct preheating temperature by the conven- 
a art of heat transfer by conduction in an oven, 20 to 30 min 
utes may be required to attain the same internal temperatures. 
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A a< 5 TM D-150 “Power Factor and 

lests for f<"r“ Materials” estabUshes 

procedure for deter^^^; "onant circuit which 
or susceptan^ of the dielectric constant 



- T of woodflour-iitted phenolic 

F/g. 48-High-freqoency preheating 


r\f tbe nower factor or the 

are employed for the <leter»nahon 

cosine of the f^mils L the specimen sizes and test- 

the dielectric constant for details 


ing procedures.) 


Insulation Resistance 


Plastics, Bke other ‘"f"I 
aistance to the may be of tbe lO ? “rder ^ 

ohm centimeters, the °‘uties are difficult to me^- 

order of ohm centimeters. J ^ variations In insula- 

ure with a high degree of accura y. 
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tion resistance over a given sample of material are usually of 
such magnitude as to obviate the development of more accurate 
instruments. Measurement may be broken down into volume and 
surface resistance, described as follows: 

Volume Resist.vn^E: The volume resistance between two 
electrodes is the ratio of the voltage applied to the electrodes to 
the current which flows through the volume of the insulating ma¬ 
terial. 

Surface Resistance : The surface resistance between two 
electrodes is the ratio of the voltage applied to the electrodes to 
the current which flows across the surface layers. 


On some applications the surface resistivity rather than the 
volume resistivity proves to be the limiting factor. Dirt and 
moisture accumulating upon a surface will often tend to lower 
insulation resistance appreciably. The absorption of water by 
plastics, particularly those with the outside resin film removed, 

i ^ 

has seriously reduced the surface resistivity of some of the plas¬ 
tics. Moisture absorption, high temperatures, and presence of 
carbon black in the filler do not help the insulation qualities.’ 

In fact, the insulation resistance of most dielectrics falls, off 

' • 

sharply after a certain high temperature is reached. The insula- 

♦ 

tion resistance of typical insulating materials and plastics are 
compared in Table XXXV. The plastics have been measured at 
approximately 50 per cent humidity at a potential gradient of 
approximately 1000 volts per inch. It is an interesting, though 
not unexpected, fact that the dielectric properties of the plastics 

depend upon their moisture absorption. Those with least absorp¬ 
tion are best insulators. 


Volume resistivity also is dependent to a great extent upon 
the filler included in the molding composition. In the case of 
a filler such as acetylene black the molding composition may in 
fact be rendered semiconducting. The writer has added small 
amounts of this filler to standard molding compounds to render 
them electrically conductive, and preheated them by the passage 
of electrical current. This same principle has. also been applied 
in rendering rubber compounds electrically conductive. 

Surface insulaUon resistance of most insulators is extremely 
good under dry conditions, but becomes poor when exposed to 
damp conditions. Resistance is lowered considerably if the mois- 
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ture is absorbed into a continuous film, which 
salts from the mateiial itself or from dirt on the 

absorption. Some materials ^ 

metric resistivity, but low surface resisU y 


would occur if 
surface aids the 
have high volu- 
high humidities. 


Table XXXV 

Volume Besisti>dty of Materials 

vuAtuu degrees Cent.) ohm-Cms. 

Material . 

Phenol formaldehyde .. • ... 

Urea formaldehyde ... 

Methyl . ' 10'*-! O'® 

Polyvinyl acetate butyrate ..* 10”-10'® 

Cellulose acetate and acetate .. ion-lO'* 

Polystyrene . .. 

Polyethylene • *''i* Vide* * -.* • * *... * ^ *. 

Poly vlnylidene chloriae . . 

Rubber .. .. 

Glass — ..;;.... 

Fused quartz .. * • 


10 '« 

lOi* 


. waxes or materials like polyethylene have high volu- 
Various waxes or iud.b 

metric as weU as ^ed by moisture is insulation 

The electrical property ^ conducting material 

resistance, which sample of plastics is placed 

adheres to the surface. ionized conducting film forms 

in 100 per cent relative cquiUbrium 

quickly, and the msulatio ^ values for a number of 

value is reached. Fie surprising is the high pMi- 

plastlcs. listed in attributed to the water lying 

Uon of cellulose acetat^butyrate. a 
in discontinuous pockets: 


Table XXXVT 

« M»{Ature on Electrical Resistivity 
Effect of Moisture brium surface R« 


Equilibrium Surface ^tfiUvIty 
at 100% R-H. (Ohms) 


cellulose acetate butyrate 
Silicone rubber ... 

lolytctrafluoroethylene . • 

Polystyrene, sheet . • - • • 

Polydlchlorostyrene . 

Ethylcellulose . .. ^. 

Phenolic, mica filled- 

Glazed porcelain . 

^StSirrmlii^tV.* ¥ype XX 


* • 


s * * 


a ■ ■ 


• * 


* * * 


• • 


* * 


m * 


a • 


• * 


• * 


a a • * 


* • 


« • 


4 • 


• • 


* 4 


> * 


a ■ 


4 • 


* * 


20 X 10“ 
10 X J0« 

3.6 X 10>» 
8.4 X ■*0“ 
.29 X t 0 » 
.13 X 10“ 
5.0 X 10» 

3.7 X 
1.3 X 
1.3 X 


IS prevail on the surface 
growth is enhanced, and 


Resins—4 


•R. F. Field — ^Plastics & 
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20 30 4 0 50 60 70 80 90 100 

Temperoture (deg c) 


Fig. 49-Curves show how volume resistivity varies with temperature 


have been numerous instances reported where this growth has de¬ 
veloped on the surface of the plastic. The plastic itself was not 

affected, though the effects of the fungi growth were to lower 
surface insulation resistance appreciably. 

No other characteristic varies as much with temperature as 
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1 frio resistivity This is quite important for organic plas 

tics which, as J equipment. Data which illustrates 

LTarrof vlt resistivity with Uurperature is iUustrated 

in Fisr. 49. tahe» ^ specification D-257 

.'Tests lor Resrstance t^ 3 ts which should be heed- 

ized procedure for cond S niethods for determining 

ed by the manufacturers. capacitor discharge methods 

high insulation Voltage from a battery is appUed 

and galvanometer capacitor. A universal shunt 

across a circuit with a ... until a full scale reading is 

across the tLn shorted to ascharge it fully, 

obtained. The capacitor is the ^ curtain time 

Test voltage is applied P . jg measured. Proportion- 

s »• r..»... 

Table XXVII 


Time Cycle for ASTM Are Test 


Current 

(mllliamperes) 

10 

10 

10 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 


Time 

Cycle 

14 sec. on- 1 % sec. off 
% sec. on- % sec. off 
34 sec. on- % sec. off 

continuous 

continuous 

continuous 

continuous 

continuous 

continuous 

continuous 

continuous 

continuous 

continuous 


Heat Generation 
Approx, (watts) 


3 

6 

12 

24 

34 

45 

56 

67 

79 

91 

103 

115 

128 


Total Time 
(seconds) 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

660 

720 

780 


• . e. For low insulation resistance, a portable 
of insulation tesistan . insulation resistance aero 

voltmeter “ sensitivity to measure leakage enr 

the test voltage has enougu 

rents. . ^ stances of plastics are to he 

Determinations of sur ac ^ humidity for 48 hours, 

made on specimens maintain resistance measurements 

In the case of laminate P ^ laminations should be made. 

L^SlX"«s are relatively unimportant, as long a 

-Hg. Albert-Ptos««-2. 32. June, 1945. 
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good contact with the insulating material is made. 

There are other methods of test which evaluate the effects 
of low insulation resistance. These are known as leakage tests 
and are performed upon completed assemblies of electrical units 
such as motors, transformers, soldering irons, etc. After the 
part has been brought to operating temperature, which ma>' also 
involve simultaneous exposure to high humidity, the electrical cur¬ 
rent leakage between the live or conducting part of the circuit 
and the frame or nonconducting portion of the motor is meas¬ 
ured. If excessive, such that an electrical shock hazard exists, the 
unit is condemned. 


Arc Resistance 

A rather important electrical characteristic of plastics is their 
arc resistance. This property is significant to units such as 
switches or circuit breakers, when electrical current may form an 
arc in the immediate vicinity of the surface of the plastic. The 
intensity of this spark or arc depends not only u|)on voltage but 
also upon electrical current, and when the switch is slow acting 
(not the snap-action type of switch) the effects upon the plastic 
may be quite severe. In fact, those materials which behave best 
are those which have appreciable amounts of water adsorbed on 
the surface, and which are capable of delivering up copious quan¬ 
tities of non-ionized water vapor to quench the arc. Vulcanizerl 
fiber and shellac are two materials with good arc resistance. Their 
insertion into electrical molded parts such as phenolics. aid the 
latter in their arc resistance. 

Thermoplastics such as polystyrene and acrylics possess fair 
arc resistance, not carbonizing in the presence of an arc, though 
showing a tendency to scar on the surface due to loss of volatiles 
formed on decomposition. On the other hand, the burned car¬ 
bonized deposit formed on phenolic molded parts is definitely a 
handicap to good arc resistance. Urea or melamine formaldehyde 
molded parts on the other hand, possess good arc resistance, and 
are generally specified to fulfill this requirement. These plastics 
have been particularly serviceable on ignition distributor housings 
exposed to high voltages and high altitudes, a combination which 
causes most phenolics to arc or track badly across the surface 

Tests for Arc Resistance: ASTM D-495 “Arc Resistance of 
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General Summary- 


sLE xxxvin 

.Electrical AppUcations of Plastics 


Typical AppUcattons 

Thin foils for Insulating 
purposes, as for motor 

or relay _?ure 

condenser manufacture 
Electrical wire Insulation 

Impregnants for motor 
windings 

Motor housings 

Radio cabinets 


Materials 


insulating pushings and 
terminal bio ck ® . 

btg” frequency operation 

Flat insulating washers 
or terminal strips 

Electrical conduit or tub¬ 
ing 

Ignition distributor hous¬ 
ings 


Ethylcellulose 
Cellulose acetate 
Polyethylene 
Polystyrene 

Polyvinyl chloride 
Polyvinyl formal 

Phenolic varnishes 
Silicone resins 

Asphaltlc-base varnish 

Molded phenolic and urea 
resins 

Molded phenolic and urea 

resins. Cast resins and 
injection-molded ceuu 
lose derivatives 

Low-loss 

styrene and polyethy 

Laminated phe n o 11 c s, 

sheets and tubes 
Cellulose 

rate, ethylcellulose 

Melamine and urea for¬ 
maldehyde resins 


Housings 

aircraft 


for radar on 


Polyester resins 
glass cloth base 


with 


Forms of Material 

Foils 1 to 10 mils thick 
in various widths 


Extruded coating* _ 
sleeving. I>iP coating* 
thin insulation 

Liquid impregnants for 
penetrating wind ings, 
baked and dried in situ 

High impact - resistant 
materials preferred 

Attractive color assort¬ 
ment available in many 
standard materials 

Molded and sheet forms 

Grades of material suit- 
able for stamping 

Extruded tubings are held 
to close dimensions 

Molded parts, 

^th electrical 
molded into the body 

Developed into compound 
^cuTves by low-pressure 
laminating 


» 

storage battery cases 


Hard rubber and asphal- 
ttc-base compositions 


Connecting plugs and re- 
ceptacles 


and 

bUumen-haBe materials 


Molded phenollcs 


Insulation 

electric 

parts. 


in vicinity of 
arcs. Switch 


control knobs 
cellaneous apparatus 

Basing cements for lamps 

Commutator devices 


Shellac, vulcanized fiber, 
porcelain 

Phenolic, urea, or ther- 

moplastics 


battery acids 

Bitumen-base 
for high temperatures 

Molded or built-up strips 


Phenollcs, 


ceramics 


Welding electrode 

ports 


sup- 


Arc-resistant fiber 

lamines, vulcanized fiber 

Heat-resistant and shock- 
resistant phenollcs 


Colors preferred for iden- 

tification purposes 
Phenolic resin adhesives 

Molded parts with “eml 
Strips as contaci 
ments 

Molded with suitable 
hand grips 


rs'.:» »— 


hereafter * 
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Type of Material Arc Resistance 

Hot molded or laminated materials (general) .... 30 secs, or under 

Hot molded or laminated—^high arc resist . 60-180 seconds 

Cold molded materials (non-refractory) . 60-300 seconds 

Cold molded materials (refractory) . 240-480 seconds 

Special materials (porcelain, slate fused quartz) . 420-660 seconds 

A high-voltage, low-current a-c arc drawn between two 
tungsten pointed electrodes upon the material under test, is in¬ 
creased at 1-minute intervals until the material fails by becom¬ 
ing conducting. The sequence of one-minute electrical current 
steps are listed in Table XXXVII. 

In analyses of electrical applications of plastic materials. 

Table XXXVrn* will prove quite informative as to the scope of the 
many materials. 

•J. Delmonte —Machine Design —18, 116, July, 1946. 
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Chapter VII 

Chemical Properties of Plastics 


ssr - 

tanding in resistance to the effec _ engineer famiUar 

tanang in resistance to aoito and ^fchenncals will 

rith the behavior of “ employing the materials in 

ind that many new possibihtaes of empioyi g 

•hemical processing ‘ la-tics are also of fun- 

studies on the effects of -Ivents n^n ^ 

damental importance to many e . „ ^ting agents, and ad- 

e, thin aims. “%'=“nn^; 3 X«ent upon solnUons 
hesives are but a few of pretense of attempting to 

tsXe 

Xwps“ whi?h dTSsf 

to be expedient. pronounced, higher temperatures 

generally increasing the activity _ materials may be 

attack of the corrosive agent. ^ the boiling 

relatively unaffected at low activity may be latent 

in some plastics until exposed XughX be presented. Under 

section devoted to ‘X::fes of "ti" may be catalysed by 
these conditions small traces ^ ^ P 

sunlight, leading to unexpecte ’ rubber-like elastomers 

In the field of “““X^Xed by natural rubber. Kesist- 
offer qualities never before posse permanent fiex- 

ance to oil and greases, good plastics in important ap- 

ibiUty are assets which . assembly of flexible, plastic con- 

phcations. In Fig. 50 a tyP'^X^ed to handle a vari- 

duit (polyvinyl alcoho ) i machine. Permanent fiex- 

ety of gases and X claim but one has only to examine 

ibiUty is quite an optimistic claim, o 
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the flexibility of a nonrigid pol3rvinyl ester after several years 
service and compare it with natural rubber to gain the full im¬ 
port of this statement. 


Effects of Water 

In considering the effects of water upon organic plastics, 
two approaches will be explored: The effects of continuous im¬ 
mersion in water and the effects of water vapor. Those plastics 
which have the lowest water absorption do not necessarily have 
the greatest resistance to permeation of water vapor. The ab¬ 
sorption of water by plastics varies from complete dissolution on 
one hand, to excellent resistance on the other. High polymers 
such as methyl cellulose, sodium carboxy methyl cellulose, hydroxy 
ethyl cellulose, polyvinyl methyl ether, sodium alginate, and cer¬ 
tain types of pol5winyl alcohol are completely dissolved by water. 

These polymers prove useful as sizing, adhesives, and thicken- 

k 

ing agents. Partially polymerized resin polymers of urea for- 



Fig. 50 Flexible lines of polyvinyl alcohol plastic carry oxygen, air and other gases to 

the burners of this sealing-in machine 
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n^aldehyde, or melamine ‘ 

footed by water are Pr^“" treated 

wSr “dcb^de tbis water absorption is appreciably decreased. 

While the absorption of small ptrerSfs 

seriously affect the -PP" °f So^rof the more 

may be influenced to ^ P”“ ^ tion are tabulated herewith: 
serious consequences of water absorpxio 

<■• o ssome plastics become lower in strength 

1. Physical properties of some pias 

values ovearintr the absorption of water may be 

2. The swelling accompa yi g loetjc part to exceed allowable 

tolerances and poor fits uc, watplng will take place 

'’n “"mStetr^r^eti^s of the plastic generally are adversely 
fected by the absorption of water. 

^ There are a few 

tion of water on the surface ° bearings find this charac- 

Water-lubricated laminat ^ ^^^tiend for lubrication upon the ab- 

teristlc quite helpful, as ‘“f f later chapter, these 

nonmetaiuc bearings will be desm ^ j„m 

fogging lenses for gas “/“high degree of water absorp- 

transparent plastics ^bonified surfaces of eellulose ace- 

tion on the uX these conditions. Why the 

tate give good perfo understood when it is pointed 

lenses are nonfogging may amall globules of con- 

that fogging is due to _e pj water). 

densed into a continuous satur- 

material which will absoro m 

ated film, will eliminate the * jauch. concerned with sta- 

Electrical and radio ^ prerequisite to accurate 

bility of circuit “baracteristics subject to change, say. 

tuning methods. t““„resiUble. In a like manner 

due to increased ‘y' „„ under normal atmospheres 

materials and parU ^ „t component parts are not 

are not wanted, as relative spacing 
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only important from a mechanical point of view, but also from 
an electrical standpoint. Consequently, with this thought in mind, 
engineers may have been hesitant in specifying plastics to their 
full utility except for decorative purposes and control knobs, be¬ 
cause of the uncertainty of moisture absorption characteristics. 
Where normal broadcast frequencies are employed, a number of 
molded phenolic, low-loss parts, are used on tube bases, terminal 
strips, supports, etc. These disappear from the design, as higher 
frequencies are brought into play. In the latter, polystyrene 
and polyethylene have been applied extensively. One notable ex¬ 
ample is in the co-axial cable, for high-frequency transmission, 
employing low-loss plastics for conductor insulation. 

One of the most complete reports on the absorption of water 
by plastics was presented by Kline, Martin, and Crouse*, who 
conducted the investigation over a two-year period. Most of the 
plastics continued to absorb water at a substantial rate during the 
first six months. Some of the results of their investigation are 
shown in the accompanying Fig. 51. 

For short-time data on the absorption of water by plastics 
materials see Table XXXIX, which gives the standard ASTM 
water-absorption values after a 48-hour period. These are de¬ 
termined by changes in the weight of a standard size specimen. 
In order to avoid obtaining an erroneous figure for the amount 
of water absorbed by plastics containing water-soluble ingredients, 
reconditioning the specimens after immersion to a substantially 
dry weight is reconunended. From the last figure, the true water 
absorption may be calculated. 

Not only does the nature of the filler in the molding com¬ 
position, and the nature of the reinforcing layers in laminated 
structures influence the amount of water absorbed, but also the 
method of applying the binding resin. For cellulosic fillers, the 
higher the resin content, the lower the water absorption tends 
to be. This point generally is recognized, but a factor often over¬ 
looked is that the better the penetration of the resin into the 
filler, rather than adsorption on the surface, the lower will be 
the water absorption. This has been observed particularly in the 
manufacture of resin-impregnated wood veneers which are bonded 
into high-density, strong structures. However, the better the resin 
penetration, the greater the degree to which the impact strength 

•G. M. Klfne. A. R. Martin and W. A. Crouse— Proc, ASTM —40, 1273. 1940. 
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Vinyl butyro 


Cosein 


Phenolic 

laminate 


Phenolic molded 


Phenolic cost 


Ureo lominole 


Urea molded 


Ettiylcellulose l2 


Cold-molded 

- bituminous 
Methocrylate 
Vinyl copolyrr^ 


48 

Time of Immersion in 


Ethylcellulose 

Cold-molded 

Styrene cost 

Ided 


64 80 

Woter I in weeks) 


Fig. 57-Tests of water absorption over extended periods of time 


affected. In Tabue XL 

aical laminated phenoUci 

XXX. 


re given water absorption values fo 
increasing resin content from X 


Water Absorption 








Table XL 

Rates for Some 


Grade 

. Grade X .. ■ 

. .Grade XX . 

. .Grade XXX . 

. Grade C . 


Laminated Phenolics 

Water Absorption 
(Per cent 
In 24 hours) 



4.0 

X.3 

1.0 

3.0 


. V that even more significant than the 

It was pointed out before .jonal change, inasmuch 

weight change in a plaaUc f^f^p^eation where close toV 

as this inflnenced the snc«^ of tt^PP paper 

erances and fits were xLI Indicates the 

of Kline, Martin, and Crouse TM ^^on plastics after 

dimensional changes m some ^ ^is 

different intervals of time. 



U. - 

data, it is i®" 
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portant to remember that 1 per cent eh^^ge 

change of 0 . 010 -inch in one inch ( g 

shrinkage for most materials). 


is equivalent to a 
change than mold 


Table XU 

. 1 fthanees in Plastics Upon Immersion in Water 

DUnensional Changes — csaucs l« 

48 tours o wecKs 

Material 0 05 0.65 o'og 

Molded phenol formaldehyde. .... y • • ^ 0.3| ^ ^3 

Cast phenol formaldehy • . ^ero 2.05 

Laminated phenolic-... 0.12 o.30 

urea formaldehyde, .. 0.12 ® 0.45 

PolWrene. molded .; . o.71 0 

Cellulose acetate . . 1.98 1.21 

Casein . . 0.08 

cold molded bitumen . 

Changes in weight 

by immersion in water, but „ater it may 

If the material absorbs a PP ^ particularly with thm m- 

sulating foils where nbcets of high bu- 

grades of cellnlose acetate ^“jstnre content of 10-nnl 

Lldities. m Fig. 52 are nitrate, and wood eel- 

thick sheets of cellulose ace obtained after ays 

lulose at different humi^tie . 

conditioning at the stated ^ plastics: Still another 

Diflusion ®* upon plastics is the ^ 

w^ter vapor «>tou*h thin shee« ^ ^ deal 

for packaging “^^^r to protect their contenU. ^rn 

resistance to diflusion in ^atabUshing a high moisture 

parisons generally are bas^ uP to a dry, de^i- 

gradient by exposing one s _ specified high “unfi* 

—h^htTe: 

Deeg and Fro____^_ ant is determined from 


NX 


E> 


23.5 AT 


•G. Deeg 


... 00 1^5 Nov., 1944 

. .sd o. 1. Fr«»s-««S. *“■ 
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where t = time in hours 

X — thickness in centimeters 
A = area in square centimeters 
N = grams of water diffused through 
D — diffusion constant 


Among materials possessing excellent resistance to water vapor 
permeation, and not shown in Table XLII are films of polyvinyl- 
idene chloride and rubber hydrochloride. 


r 



30 40 50 60 70 

Per Cent Reiotive Humidity 


Fig. 52~~R0su(fs of oighf-day fosf show moisture absorption (vertical ordinate) of plastics 

when subjected to various relative humidities 


Test Methods for Water Absorption and Water Permeation: 
The relative rate of water absorption of the various plastics is de¬ 
termined by the procedure outlined in ASTM D-570 “Water Ab¬ 
sorption of Plastics”. Molded specimens generally consist of a 2- 
inch diameter disk, w'hile sheet specimens are 3 inches by 1 inch 
in area. Specimens generally are dry-conditioned before test at 

50 C for 24 hours. Boiled distilled water is preferred for the 
immersion medium. 

ASTM D-697 "Water Vapor Permeability of Plastics Sheets” 
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/i;c?Vi wViirii can be sealed by n film o 

suggests an open-mout edges to insure no 

the test specimen. ^ powerful affinity for water 

loss at this region. A dessicant wit f ^ j^ter 

(such as Afferent humidities—such as 

observed by increase of weight of gfEect of water upon 

Another method for eva ^pon changes in 

plastics was developed y ^ ghort length of material, about 

pensions of the test specimen. A short 

Table XLII 

sM A 


Constants of Typical 


pnenol .or^alde.yde 

Polyethylene . • .. 

Polyvinyl chloride . 

Polystyrene ••*•*•* ,‘l** 

Polymetbyl methacrylate 

Cellulose acetate, sheet . 

Ethyl cellulose,. ' sheet 

polyvinyl chlonde-acetaie. 


■ • • * • 




* • 


• • 


• « • 


* • 


* 


■ » '* 


« * 


* • • * • 


D X 10-* 

0.1 

0.2 

0.5 

3.5 

4.1 
11.2 
36.1 
78.3 

1.2 


„s a simple cantilever beam 
5 inches long, is clamped o^e ^ assembly is im- 

mersed under water and the sr ^t ^ ^j^Aects. The method is 
up moisture and the end o „„isture content, and compma 

very sensitive to ’ail plastics in a matter of a few 

five results can be obtained specimen is 

hours. Readings are made at the s^ Typical 

dergoing ^‘^“ahilte the extent of dimensional changes 

deflection curves, w ic ^ shown in Fifr. 53** 
because of water absorption, are sno 

Sunlight and Weather Exposure ^ 

The most obvious ®steks°or change in shade 

either a slight yellowing o obvious result for some m 

of color on colored ^ cellulose nitrate is a moleculm 

terials such as natural These effects are due 

degradation and ” ^vity of sunUght upon traces o 

T^art to the catalytic acxiv 

part t-u May. 1944. 

- dT Asselln-Mod. Plas«cs-21. 138, May. 

.J. Delmonte and L. Asseii 
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puntieg. Amoi^ the transparent plastics, polymethyi methacry* 
late appears to be the least affected of all, though amon^ the 
never ty’pes coming along, siliceme resins appear to age very satis- 
fi^torily. Transparent enclosures for aircraft have long standard- 
ittd upon the acrylics, though improved grades of cellulose ace* 
tate permitted some of the latter to be employed. E^ylcellulose 


I 


oasor- 


0200 ^ 




i 

a 





i 




1 







and cellulcae nitrate age quite poorly in sunlight. Polystyrene 
radiis and pol>*vinyl resins are affected to a lesser extent, though 
tbdr tendency to discolor In sunlight depends upon the amount of 
impurities present. Sheets of plate 0ass, used in safety glass con* 


•tmctioii. permit longer life of the plastic interl 
exposure by filtering out the actinic wavelengths. 

Aeceltirated life testa upon plastics are conducts by expos* 
lag the materials to ultraviolet light at slighUy elevated tern* 




which proiBot^ rapid deterioration in some dreurn* 
The uhravk^et light, ^itained frmn direct sunlight' or 
sunlight, is simulated In the laboratmy by arc lamps in 
wcatherom^ter. or special sunlamps. CeUulosic, acry Uc, and urea 
p4asUi.j generaUy are light st a Me during exposure to sunlivht. 
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Alternate periods of high humidity 
are employed in aecelerated life of 

Only exceptionally good („rm of minute cracks 

these conditions. ° Auxed together improperly 

or where cracks already have ^t^^ed d^ ^ common 

Corrosion effects plastics. While some ma- 

metals are absent upon oxvgen this action may 

terials may absorb a small amount of oxygen, 

prove beneficial rather than detnmenta . 

^ e^oii minute cracks may appec^i 

Craze Formation : S weather conditions after a 

surface of plastics expose pvnye marks and in the case 

period of time. These ^ handicap toward obtain- 

of transparent 3 heet. For some materials such 

ing perfect vision thr g^^ progressively worse, 

as cellulose nitrate, tviroueh the sheet in the course 

develop into fissures and break duplicated in the labora- 

r of stress and 

Molet light “ d 

the use of solvents for the plasty rap- 

to the material while it Is under gasoline on curved 

idly develop. For effect. This method can m 

acrylic pieces will bring ^ rather unusual manner, 

fact, be employed for stress indetenmnate 

After preparing a transpare in the prescribed manner, 

structure to be tested, app y ^ solvent on the surface, 

and while under stress these craze marks will be 

The frequency and the concen _ Tjiis method has a - 

a direct measure of the to stressed metal 

vantages over the 

_ -;,v,noT- tp.chmaue wmcn 

parts. 


estimating stresses. 


Effects of Acids and Alkalies 


The effects of acids and aikalies upon organic plasUcs depend 
upon several variables, including. 
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1. Strength or concentration of the acid or alkali 

2. Temperature of the solution 

3. Time the plastics are in contact with solution, and 

4. Previous conditioning of plastics. 


Increased temperature will definitely accelerate the effect of 
the acid and alkali. While some materials may withstand attack 
indefinitely at 40 F, they will be readily attacked at 120 F. 

When the plastic is attacked by the acid or alkali the ef¬ 
fect generally is one of disintegration rather than dissolving which 
takes place for metal. This disintegration may be due to an at¬ 
tack upon the molecular structure or some fillers which are pres- 

4 

ent. As a group, however, most plastics exhibit considerably 
better resistance to acids and alkalies than metals. If the plas¬ 
tic is in a perfectly dry state before it makes contact with a 
strong acid, it stands better chance of withstanding the effects of 
the acid. 

The halogenated polymers in particular, show marked resist¬ 
ance to strong acids and alkalies. Among those possessing su¬ 
perior resistance are the following: 


Chlorinated rubber 
Tetrafluoroethylene 
Polyvinylidene chloride 
Polyethylene 
Polyisobutylene 


Polydichlorostyrene 
Polyvinyl chloride 
Polyvinyl chloride-acetate 
Polystyrene 


These materials in particular are outstanding in their resist¬ 
ance to strong acids and alkalies. However, strong oxidizing acids 
such as fuming nitric acid will attack most of them, though less 
severe acid concentrations will be withstood. Polytetrafluoroethy- 
lene offers the highest resistance, withstanding boiling aqua regia. 
In tests upon other more common plastics, the author reported 
upon the effects of various concentrations of hydrochloric acid, 
nitric acid, sulphuric acid, and sodium hydroxide upon laminated 
phenolic, cellulose acetate, cellulose nitrate, and polymethyl metha¬ 
crylate.* The effect of the acid or alkali was checked periodically 
by measuring the loss in the strength of the plastic. This proves 
to be a much more accurate method than measuring weight 
changes, and permits a quantitative analysis to be made on the 


•J. Delmonte —ASTM Bulletin —119, 11, Dec., 1942. 
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performance of the acid or alkaU. 
in the accompanying Figs. 54 and 
polymethyl methacrylate. 



55, 
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A rather interesting observation is that ver>' strong and 

* r 

very weak solutions of caustic soda do not affect plastics strong* 

ly. However, for about 5 normal solution (200 grams per liter 

of water) of aodium hydroxide, the effect of the alkali is felt most 
sevweJy. 

Testa for Chemical Resistance; ASTM D-543 “Chemical 
Reagents—Resistance Plastics To," outlines Qualitative proce* 

du^ for measuring the effects of various chemical reagents, in- 
eluding a c i d s and alkalies, through measurements of weight 
changes upon the materials Immersed for stated interv'als. 

Effect of Solvents 

Knowledge of the effectiveness of solvents is of basic impor¬ 
tance to the formulation of cements and surface coatings formu¬ 
lated from plastic materials. In Table XLIII representative plas¬ 
tics are compared with respect to their solvent resistance. Those 
solvents which attack the material most readily are denoted by 
number 1, and those least satisfactory by number 14. Fourteen 
representative solvents were chosen for these tests. All samples 
employed were approximately 0.06 to 0.07-inch thick, and were 
cooditioned diy for 48 hours at 50 C. 

In the table, the superiority of cellulose nitrate over other 
cellulose plastics is clearly recognized with respect to iU com- 
psUbility with various solvents.- Acetone is particularly rapid 
in its effect upon all of the plastics. The effects which the sol¬ 
vents have upon the plastics is designated in the legend below 
the table. Smooth, good solutions are formed by those solvents 
which an* marked A. In many cases, the solvenU cause sub- 
stant^ swelling, while in others the plastics become rubber-like. 
When solutions are not formed, effect is marked in the Uble. 

Of course this Uble ^es single soIvenU only. Not to be 
overlooked are the countless number of binaiy* and tertiaiy sol¬ 
vent combinatkma which are effective upc^ various plastics. For 
vsnmple, ethylene dichlorkSe and methanol are not verv rani<l 

I. thH, .poo ^ thoo«lv« but th?,- ^ 

s good solvent in combinatkm. 

The author hss found that careful measuremenU of the loss 
In Btr«gth of a plastic after different periods of immersion in a 
«olvect are the best criteria for tracing the effect of that solvent. 
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Some organic solvents will lessen any further, 

point and ras“^ while a true sol- 

:e"«eTa tT pet cent io. ot r. 

tion. The eflecta of varloua J 57 . taken 

solvents are sho^ “ ‘^Ue “Zita offer complete quanthative 
rZlts Z the relattve speeds with which plastics are attacked 
by the different solvents. 


XL.III 


Plastics 


Polymethyl 
Metha¬ 
crylate 

IXD 
. 12D 

SA 
9A 
4A 
14K 
3A 
5A 
6A 
7A 
13D 
2A 
lOA 
lA 


Poly¬ 

styrene 

14B 
14J5 
8A 
9A 
5A 
14K 
lA 
3A 
4A 
7A 
lOA 
6A 
l4jB 
2A 


_M a t e r I a * 

Polyvinyl Cellulose 


Chloride 

Acetate 

14B 

14JE? 

6B 

7B 

5B 

14B 

lA 

2A 

SD 

9D 

14B 

4A 

lOD 

ZB 


Acetate 
Butyrate 

12P 

lOD 

6A 

7A 

4A 

13D 

lA 

3A 

lie 

90 

14D 

5A 

8A 

2A 


Cellu¬ 
lose 

Acetate 

7D 

6D 

9D 

lOD 

4A 

13I> 

lA 

3A 

12D 

IID 
14 D 
5A 
SD 
2A 


Cellu¬ 

lose 

Nitrate 

7A 
8D 
4A 
5A 
3A 
9D 
lA 
2A 
13D 
12D 
14 B 
lOD 
6A 
llB 


Solvent 

Ethanol . 

Methanol * • •• 

Butyl Acetate 
Amyl Acetate 
Ethyl Acetate 
Butyl Alcohol 

Acetone .. ; * • ■ - 

Methyl Ethyl Ketone. 

Toluene . . • • .. 

Benzene .'.Vo** ‘ 

Carbon Tetrachloride . • • 

Ethylene Dlchloride . 

Cellosolve . 

Chloroform .. least rapid 

Key to Symbols? * next rapid; consecutlv y » 

B Loss of shear strengvu *- 
E No effect at all. 

r. o++«iplfed by solvents if 
The thermosetting e^ctractable mat- 

they are not fully cured or ff ^ p„„der, and ea¬ 
tracting with acetone Zed (ASTM D-494 ;^Aoe- 

of cure of the material can Molded or Laminated Speci 

tone Extraction Test of P undercured matenaK 

„ens-). It after immersion or reffuxing unth 

to measure a loss m & 

acetone. infiirate the effects of a number o 

While the above be desirable to supplement 

typieal solvents upon plasU«,^^ ,„,uents or sol- 

information 


5 XAiiV*—- 

_ ^04 704, June, 1942. 

•J. Dclmonte—Iwl. <fi Bni7« 
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C7» 



o 



Time (minutes) 

0 — ocetone 
b — methyl ethyl ketone 
c — chloroform 
d — ethyl ocetote 
e— ethylene dfChloride 
f — butyl ocetote 
g — cellosolve 





20 40 eO 8C 100 120 140 


Time (minutes) 

h—omyl ocetote 
i —methyl ocetote 
j —ethyl oloohol 

k—methyl methocrylate monomer 
I —benzene 
m—toluene 


n —corbontetro chloride 


fig. 56—Effect on shear strength of varrous p/ostics caused by immersion In a numbe 

of different solvents 


vent combinations for representative plastics. These are presented 
in the following paragraphs in itemized form: 

Polymethyl Methacrylate: While chloroform acts the 
fastest, also effective are glacial acetic acid, ethylene and methyl¬ 
ene dichloride, furfural, acrylic monomer, and vinyl acetate. 

Polystyrene: Acetone, benzene, toluene, and carbon tetra- 
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100 

80 


20 


Cellulose 


ocetate sheet 


5 iO 

Time (hours) 


50 100 500 


^ p 

olystyren 
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e [ 
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# 

i 
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omyl QcetQte 
butyl acetate 
benzene 
ceilosoive 
-toluene 


Time ( hours) 

carbon tetrochloride 
butyl olcohol 
-methyl alcohol 
.ethyl cicohol 
-ethylene dichlonde 


• 1 nf/^cfiVc caused by immersion in a number 

Fla 57-Effect on shear strength of various plastics causea y 

^'9- ^ of different nonso/venfs 


ETH^ : Acetone or combinaUons of 80 per cent 

benzene with 20 per cent alcohol. chloride)- Cvclohex- 

anon^? Icetonyl acetone, isophorone, methyl iaobutyl Uetone. or 

1 Txriii Hicssolve tlie material effectively. 

Quite resistant to all solvents. 
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Hot orthodichlorobenzene will form a 2 per cent solution. 

Polyethylene: Resistant when cold. Hot aromatics such as 
benzene will dissolve. 

Polyvinyl Butyral: Various alcohols and furfural good 
solvents. 

Polyamides: Resistant to solvents. Hot formic acid, molten 
phenol, or molten resorcinol will dissolve. 

Cellulose Derivatives: Acetone, ethyl acetate, amyl acetate, 
etc., are typical. 


Chapler VIII 

Optical Properties of Transparent Plastics 


The large majority of commercial organic plastics are a^ai - 
able in transparent forms, and for these a number of important 
engineering appUcations have been developed, toterest in tr^s- 
parent organic plastics arises not so much from eir op ica 
erties as their favorable mechanical characteristics. In th® ' 

parent plastic material, the engineer finds a material which re y 

can be machined into a number of compUcated ' 

tities are involved, molded with a high degree o ac • 

like the fragile, easily broken inorganic glasses, transpa pl 

tics are substantial materials possessing a good degree of toug 

□ 

’’^^^The greatest single drawback of transparent plasUcs is their 
lack of scratch resistance, the majority of the matena 
relly abraded by dust and sand. While some 

esters have demonstrated a c “ if oughness 

and impact strength. Other experimental e«o^ »a- 

an improvement in surface ^Vusfors^^^^^^^^ prL 

certain types of heat treatment or through the 

.est known appUcaUons of —plasma 

are enclosures for bomber ni^es or oanopm 
Fig. 58 shows a typical unit of this de P 

clear, these enclosures have production of poly- 

methyl methacrylate went into ‘hj; Much ac 

sheets which. development of special forming and 

transparent plastics served ““te ‘hanJ a^ 8 

cause important componenU of f“rfitened directly to 

ing mechanisms have been mounted upon and fa 

them. 
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Index of Refraction 

Indices of refraction of various plastics are shown in Table 
XLIV. High upon the list is polyvinylidene chloride. The re¬ 
fractive index is a ratio of the sine of the angle of incidence to 
the sine of the angle of refraction, and in terms of light bending 


Fig, 58 Pilot canopy of this attack bomber is transparent methyl methacrylate; one-half 

the weight of glass 



phenomena within a transparent body, this means that a higher 

proportion of light can be transmitted through the length of the 
transparent medium. 

The maximum possible light transmission for any material 

having two flat and parallel surfaces is given approximately by the 
following equation: 


Per cent transmission 


(n - 1) 


H* -|- 1 


X 100 
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07 7^ xixilox of rofr 3 »ction* , , 

^ Thus, for example, the majdmum theoretical transmission 
for a flat sheet of acrylic is 92.4 per cent, the balance being os^ 
as reflected light, even though the light be perfectly normal to 
L"uriace. Corrected for this reflected Ught. ^oweve^ the f^s- 
mlssion would be 100 per cent. There are developments, how 
“er^n which materials with a low index of -fracUon are 
Xd to glass surfaces as a surface film, a treatment which hn- 

proves light transmission*. 


Table XLIV 

Optical Properties of Plastics 


Index of* 

„ . . , Kefraction 

Transparent Material 59^1 62 

Phenol formaldehyde, cast .. * ^ 

Urea formaldehyde, translucent. 

Selamlne formaldehyde, translucent... 1.60^ 

Polymethyl methacrylate . 1.59-1.60 

Poly.styrene .; • • . 1.48-1.50 

Cellulose acetate, sheet. 1.49-1.51 

Cellulose nitrat^ . 1.50 

Allyl, Type <CR-39)..... .. 1.52-1.53 

Polyvinyl chloride-acetate • .. 1.47 

Ethyl cellulose .[ * j 1.60^1.63 

Polyvinylidene chloride . ^ 53 

Polyamide . 1.52 

Polyethylene . ’!! .! 1.5174 

ordinary crown glass. 1,613 

Ordinary flint glass . 1.778 

Very heavy flint glass. 2,42 

Diamond . 

TThese indices of 

6896 and 5890 Angstroms—1 Angstrom— 


Critical Angle of 
Internal Reflection 

38® 24' 


42® 

38® 

42® 

41® 

41® 

40® 

42® 

38® 

40® 

41® 

41® 

38® 


15' 

50' 

15' 

45' 

45' 

55' 

50' 

15' 

45' 

10 ' 

15' 

15' 


34® 12' 
24® 24' 


Theoretical 
Light Trans¬ 
mission {%) 

89.3 


« « 


92.4 

90.0 

92.4 
92.3 
92.3 

91.7 
93.0 

89.5 

91.5 

91.8 
91.8 

89.6 

85.6 
70.5 


for the 


D lines of sodium (wavelengths 


The amount of fight ioat per 
that from a flat sheet w:th two surfaces. 

Fig. 59, the 5 of incidence. Experimental 

Auite cose.. 

Calculations are according to the following formu . 


Reflected light 




sin* (i — r) 


tan‘ (i 


- + 


Sin 


» (i + r) 


tan* (i + 



where i *= 

r = 


angle of incidence 
angle of refraction 


7 = incident 

*K. Jones— Jl> Opt, 


light. 

Soc. Atner, —31, 34, Jan.. 


1941. 
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Another significant figure which determines the effectiveness 
of a transparent plastic as a light bending medium is the critical 
angle. The critical angle is defined as follows: 


sine of critical angle 


1 

index of refraction 


The larger the index of refraction the smaller the critical 
angle (measured from the perpendicular to the surface) and the 
greater will be the proportion of light capable of re-reflection with¬ 
in the transparent material. This is illustrated in the sketch for a 
transparent material, Fig. 60. The minimum recommended radius 
of bend is approximately three times the thickness of the sheet or 
diameter of the rod being bent. 

The light-bending characteristics of transparent plastics plus 
their good crystal-clear transparency have made them popular 
materials in the design of various optical goods. One instrument 
manufacturer developed a light-diffusion ring whereby, from a 
single source of light, the light was “piped” around the periphery 
of an instrument dial face, spreading the light uniformly over all 
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tion. Measurements are made with the aid of an Abbe' refrac- 
ometer or with, a microscope equipped with microscopic meas¬ 
urements of longitudinal travel. ASTM D-542 “Index of Refrac¬ 
tion of Transparent Organic Plastics” outlines the technique fol¬ 
lowed in making measurements. 


Dispersion 

While the index of refraction is commonly determined for the 
wavelengths of light corresponding to the D lines of sodium spec¬ 
trum, this value of the index of refraction differs for other wave¬ 
lengths of light. The differences, while small, are nevertheless of 
great significance to the design of precision lenses and optical 
goods. The differences of indices of refraction for optically vis¬ 
ible wavelengths of light are known as dispersion, and the greater 

the degree of dispersion the greater the amount of chromatic 
aberration. 

General data on the dispersion of all transparent plastics are 
not generally available, though some good data have been made 
for polymethyl methacrylate. The dispersion, defined as the dif¬ 
ference in the index of refraction for the 4861 Angstrom and the 
6563 Angstrom lines of the hydrogen spectrum, is 0.008. Shown 
graphically, this would be represented approximately as in Fig. 
61. Compared with some glasses, this dispersion is low, and would 

be evidenced, for example, by the spectrum dispersion in a trian¬ 
gular prism. 


Haze of Transparent Plastics 

Using a photoelectric cell the sensitivity of which to different 
wavelengths of light is comparable to that of the human eye. 
1 IS possible to measure the haze in transparent plastics as well 
as some of the light transmission properties. A small 6-volt light 
bulb serves as the source of light, being placed within a cylindri¬ 
cal shield. A 1-inch diameter aperture is placed at the end of 
the cylinder, with a similar aperture 18 inches away in front of 
a photocell. The light transmission is determined with no speci¬ 
men m place, and by the light reading on a 100-microammeter in- 
s rument connected in series with the photocell. The decrease of 
Photoelectric current, with the transparent specimen t Xo t 
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Observed ou the microammeter, ^he haze is 

difference of the when placed adjacent to the 

=■ r rrthe assemb.. is enclosed within 

a Wacken^ box. ^ Transparent 

^Piasu^ t^c^es the apparatus for determining light transnns- 

Sion and haze ^ („/the molding compositions than 

Haze vataes method employed in the 

the clear sheets. transparent plastics is a small tele¬ 
inspection of curved ® ® paper a short distance away. The 

scopeftocused u^n » ^ P^P the graph paper, and 

"irto^on "ofTe iLge observed. While this telescopic examma- 
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tion is intended to show up internal strains and optical flaws in 
formed sheets, it will also reveal the presence of excessive haze. 

The ASTM method of measuring light transmission as de¬ 
scribed above, always has been highly useful in determining the 
effects of sunlight upon transparent plastics. Light transmission 
properties are determined through comparison with a control sjm ci- 
men. The others are exposed to outside weather for different in¬ 
tervals of time. Typical results arc shown in Tablk XLV. 


Table XLV 

Typical Characteristics of Transparent Plastics 


Plastic 

Methyl methacrylate ... 

Plate glass .. 

Cellulose acetate . 

Cellulose nitrate . 

^ Urea formaldehyde . 

Polyvinyl chloride-acetate 
Glyceryl phthalate . 

• Exposure to weather. 

Spectral Transmission of Transparent Plastics 

The spectral transmission characteristics of transparent plas¬ 
tics have differed from ordinary glass, stimulating new interest 
and applications in the near, ultraviolet, and infrared. Using speci¬ 
men sizes of 114 by 1% by 0.150-inch, Rice, Fiedler, and Pyle have 
reported on the light transmission characteristics of a large num¬ 
ber of plastics from 2200 to 13000 Angstroms*. These data are 
the most complete ever published about transparent plastics, and a 
portion of their results are illustrated in Fig. 62. The polymethyl 
methacrylate resins possess the largest percentage of light trans¬ 
mission in the ultraviolet region. The polyester illustrated in Fia 
62 is “Selectron”. 

Transmission of Ultraviolet Light 

In the design of engineering structures a thorough and ac¬ 
curate mathematical analysis of stresses in load carrying mem 
hers is of utmost importance. Matliematical theories of stress 
analysis generally compute average rather than exact point-to- 
P^t stress distribution. Approximations as the structure be- 
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cur>’ arc is employed, the effect is observed in light and dark 
fringes, originating from the sources of stress concentration. White 
light gives colors- not as well defined as the dark and light fringes. 

Optical analysis by photoelastic analysis is less laborious than 
some mathematical calculations, and more nearly correct for com¬ 
plicated structures. Parts of machines which frequently are 
studied by this method are fillets, frames, notches, holes, and dis¬ 
continuities of all tN^es in load-carrying members. Dr. M. Hetenyl 
has conducted much work in the photoelastic analysis of stressed 
machine elements. One of his contributions has been an analysis 
fhfee dimensions, rather than flat patterns. After the trans¬ 
parent plastic member lias been annealed and then frozen in a 
stressed condition, a thin sample is sliced from the body for photo¬ 
elastic analysis. In Fig. 63 is demonstrated a study of this nature 
upon various types of nut and thread assemblies. The trans¬ 
parent material was cast phenol-formaldehyde, which shows a high 
degree of optical sensitivity. The numbers in the diagram in¬ 
dicate the relative degrees of stress concentration. 

Plastic materials have contributed immeasurably to studies 
of this nature. Not only have they made available materials 
with a high degree of stress-optical sensitivity, but they have also 
made practical the development of polarizing glasses, upon which 
this analysis is predicated. Crystals of herapathite, a sulfate of 
iodo-quinine, are suspended upon a thin plasticized sheet of cel¬ 
lulose ester or poylvinyl ester. Upon stretching the sheet the 
crj'stals are oriented. In this manner “Polaroid” has been devel¬ 
oped into large sheets, making the polarizing of light accessible 
to many laboratories and industrial establishments. More recent¬ 
ly. orientation of polNwinyl resin sheets alone, have possessed nec- 
essary light polarizing characteristics. 

Stress-optical sensiUrities of various plastics are compared 
m the accompanring Table XLVI. It will be noted that glass 


Table XLVI 

Opllcml of Transparf-nt Plastics 
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in polarized Ught. The greater number of fringes formed during 
the application of a unit stress, the higher the degree of accuracy 
with which the examination may be conducted. The absolute unit 

is the brewster, which equals lO-i^^dyne/cm^. 

The author has found the adaptation of photoelastic analysis 

to the study of transparent moldings to be a highly use u ec 
Sqfe for determining the effects of different molding pressmes 
molding temperatures, and different rates of miection (during 

"ensitive^f ail is the acrylic plastic, which shows oidy few 
fringes for the internal strains which are present. More irreg 

than other materials is the pattern of polystyrene. All 
ancles were produced by injection molding under substantial 
rivaLT conditions. Internal strains determined m this mam 
n^Trbe alleviated at times through redesign and relocation 

of the injection gate. * 

Photodielectric Analysis of Materials 

The author has also by^eaM°ot poll^S UgM 

te ?-usetul tool for studying ‘"e effecU of voltege gra ^ 
soUd dielectrics. The technique has been named photo 
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analysis. Under high-voltage stresses, the disturbance to the pat¬ 
tern in the transparent plastic readily can be observed by optical 
means. Among significant data which have been observed is the 
effect of electrode size and shape, and the pressure the electrode 
exerts upon the solid dielectric. These will influence the dielectric 
strength readings, though they can be predetermined through pho¬ 
todielectric analysis. Internal physical strains in the electrical 
insulating member also have been observed to have a bearing upon 
the direction taken by the passage of current at the time of failure. 

Some typical results of photodielectric analysis are illustrated 
in the accompanying Fig. 65. In addition to examination in a 
plane parallel to that of dielectric failure, interesting results are 
revealed in a plane perpendicular to the electrodes and the path of 
dielectric failure. 


Chapter IX 

Design Principles for Molded Plastic Parts 


Molded plastic parts fulfill many useful purposes. From the 
experiences obtained from thousands of molded parts, it has been 
possible to establish definite principles as aids to design. These 
principles are not hard and fast rules, but represent good en¬ 
gineering practices to be followed as long as they do not restric 
the utility of the contemplated article. Naturally, departure 
from conventional practices has its price, but benefits accruing 
from such departures usually more than offset additional expendi¬ 
tures. It is the responsibility of the designer, however, to de¬ 
cide whether or not it is economically feasible to insist 
difficult deuign. Possibly a slight modification for lower mold cjt 
or lower cost per piece will limit the usefulness of the part m que 


While in this chapter emphasis will be placed upon recog¬ 
nized design principles for molded plastics, ^ ® pj ® ° 

restriction on his creative efforts. Progressive firms should take 

the initiative in suggesting new fields 

parts. When the demand is well founded, materials a 

will follow the lead. , . VirmiP'ht 

out i?^rLr cLpters, make them highly desirable for engmeer- 

ing designs. These features are tabulated be 

reference. 


1. Mass production of ^ ;L°sMmer'' 

t am ‘’Sbemntfy resistant to attack of chemicals 

and corrosive media ^i^YY^fnrtable to touch 

4. Their low heat conductivity makes them comfortable to 

at temperature extremes 

5. The transparent inserts and inlays into one 

6. Combination of complicated metal inserts 

integral unit morhlnes through the use 

®“il“io"rs clbineTstmctural and insulating members. 
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During tb« dedgn oi a molded part, the engineer should 
endeavor to visualize how the piece may be aithdrau'n from the 
mold, and ahould anticipate any objection which the molder may 
raise. If a clear picture of the molding operation is retained, 
including removal of the piece from the mold, dUTicuIt undercuts 
will not appear in the design. Knowledge of molding methods 
and how molds are made are assets to the designer, inasmuch 
as his designs might eliminate those features that entail costly 
Bsachining operations on the mold Itself as w*ell as costly pro¬ 
duction ofteratioise. General experience rather than B|>ecific rules 
is the beat guide for molded plastic design. Neverthelesa, there 
is valuable informstioa that can be obtained from the experiences 
of others. 

Among the laudable featurefe of well-designed molded plastic 
parts are the following: 






WeU*rmm4»d cornen and flUlrlt 
S Adeqvuildi and xmitontx material thickiieas 
S. Thin iurfac^ stretiglbefied by reljiforcinf riba 
4. Flaah lines requiring a miail amount of flnlahing 
5 Design with due regard for flow of plastic materi 
C. Adequate material about inserts and cored holM 
• • Aeoidance. uak^ ncce^^afy, of loose plecee ii 
which would tend to retard molding cycle Ume. 


cavity. 


'■■dt ■ ’<*1 


llademiU 


undercut in a molded plastic 


mined not only by the design details but also by the method o; 
inoldir.;; and the mold dci^gn. Strictly speaking it la a relativt 
term ^acrlptivc of some portion of the design that would pre 
Tent the direct and rfmple ej^vtion of the piece from the mold 
In former years when straight compression molding w-aa almoei 
uidveraally applied, moktere admoniahed against undercuts that 
woold nnrMBitate costly split molda and retard the molding cycle 
Common arose would tell us that this admonition atill holds trui 
If there is a »|jnpler and yet taflafaciory way of d'^gnlng a pari 
•rith^ incurring an undercut. There ahould be no restricUona 
hemrrtr, on designs in molded plaatks if of ncc^ty they ahouk 
estail ondemita. Racest deveiopmenta la transfer —• • 


jectiou molds have been prime factors In broadening the scope 
of de^a poaoblutiet and In m a kin g poaaible designs that would 
be tmpraclk^ In oooventiacuU compresaloQ molds. Consequently 







234 


PLASTICS IN ENGINEERING 


before deciding whether a design detail constitutes an undercut 
or not, the mold design and molding method should be studied. 

From the standpoint of conventional molding, internal un¬ 
dercuts are impractical, as shown in Fig. 66. On first examina¬ 
tion one would feel prone to suggest a blowing mold using a ther- 
moplasUc molding blank. However, if the article is to have rela¬ 
tively heavy walls and be molded of a thermosetting material, 
other expedients must be examined. While a core of some mate¬ 
rial that may subsequently be removed by a solvent can be placed 
within the mold and the molding material flowed around it, the 
cost and labor of dissolving this member would be prohibitive. 
Further, induction heating to fuse a metallic internal coring mem¬ 
ber is possible though costly. For thermosetting materials, a de¬ 
sign in two parts appears to be the most practical expedient. Blow¬ 
ing of thermoplastic materials has been worked out with a fair 
degree of success on equipment resembling that used in the manu¬ 
facture of glass bottles. Small neck plastic bottles, complete with 
threads have been produced from polystyrene and polyethylene. 
The oractical, squeezable features of the latter have offered un- 



f\g. 66—For convonllonol molding, 
Intornal undorcuh, such at shown 
/iGrO/ or® Improcficof 
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usual design possibilities. 

If the internal undercut is slight, a split punch may be em¬ 
ployed to form the section. The punch is withdrawn with the 
molded piece, and the elements pulled out one by one. 

Undercuts on the outside surfaces of molded articles are not 
difficult to reproduce, though they usually will entail a split mold 
or loose mold pieces, see Fig, 67. For handling split molds, a 
tapered chase or side-acting rams may be employed, the former 
being used most extensively. An article such as the bushing 
shown in Fig. 67 may be molded by transfer or by compression 
methods. If the production requirements are not large, some rela¬ 
tively simple and symmetrical undercuts may be machined into 
place. This will save the expense of a more costly mold. Ma¬ 
chining operations also can be used to produce internally disposed 
undercuts which are impractical to mold into place. Further ex¬ 
pedients employed in molding undercuts such as may be occa¬ 
sioned by decorative engravings or letters on the side of a hous¬ 
ing, are the preparation of loose mold parts or panels detach¬ 
able from the main part of the mold. These loose mold pieces 
will come out with the molded articles and can be removed 
easily and reinserted into the mold cavity. 

One enterprising manufacturer, confronted with an external 
undercut on lettering distributed around the periphery of his 
molded piece, resorted to the use of a cooling medium directly 
after molding to chill the article and thereby shrink it by ther¬ 
mal contraction from the undercut in his mold cavity. This pro¬ 
cedure is somewhat unreliable when accurate tolerances are to be 
maintained because of uneven shrinkage and internal stresses that 
are hkely to occur when this method is followed. 

In order to take up one further example of the forming of 
undercuts on molded pieces, an example of a molded cover for 
a cooking vessel may be cited. While design principles for an 
economical molding may require restyling to avoid the undercut, 
such a practice cannot be pursued in this instance. An under¬ 
cut is required on the knob for the grasp of the fingers. The 
piece may be molded in a direction parallel to the center line 
through the knob and cover. This necessitates the employment 
of loose pieces in the mold cavity to shape the knob as shown 
in Fig. 68. Made in two parts, the loose mold pieces withdraw 
from the mold cavity together with the molded cover. This is 
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another example of necessary undercuts upon molded designs 
which cannot be conveniently altered on»«the drawings. Loose 
pieces in the mold increase handling during molding operations 
but are feasible in some instances. 

Other methods may be employed for molding the knob upon 



Finished 
molded port 




Pig. 68—K’^lding of covor and Irnob mado possiblo through tho use of loose mold places 


the all-molded cover. One procedure, adaptable to thermoplastic 
materials, would mold the knob and cover separately and unite 
the pieces by some solvent cement along a small recess molded 
in the top of the cover. Still another would require the knob 
and cover to be molded in separate pieces, the knob with a stud 
for attachment through the cover top by ordinary screw machine 
parts. Finally, if neither of the foregoing operations appear de¬ 
sirable. it is always possible to machine the undercut and to re- 
niove the tool marks by buffing. 

Reiterating, some of the pracUces that have been followed 
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for producing undercuts on molded articles are as follows; 

1. Using split cavities, held together by tapered chases or side- 
acting ranas, in a side- angle press 

2. Machining undercuts in a separate operation 

3 Removing loose mold pieces with the molded part and re¬ 
inserting into the mold for the next cycle 
4. Molding the article in two parts and uniting through sc 

machine inserts or cementing operations 
5 Adapting to internal undercuts such members which %vill re 

the molded article and which in tuim can be fuaed 

Hi 5 !<?r>lved frorn tlic molded piece , 

6. For Shallow undercuts, thermal shrlnltlng .my he relied upon 

in some instances to remove the piece from the mold. 

Side Holes and ObU^ue Holes: Running 
oussions on undercuts in the molded piece are the ^ ^ 

accorded to side and obUque holes. Core pms for -de h^“ ^ 

supported at one end only are ‘ ^ti„„ Is true pri- 

marily for ° ® gradient which tends to 

of the plunger there i ^ ^ After compression is complete 

r ^aftTc td^ ?k“:r^d a .0.0. -qm^e— 

^t«red bt-d‘ii Tlmt the’ damage already has been 

R is obvious that long thin Pi- ^,^0 

mg it becomes clear why " in com- 

with respect to ^e movement the p„,,„e dls- 

pression mold designs. •ju o- +v.pv are not too long 

and will not buckle as a column a molded 

are of short length, such ^„^ted on the side 

"usL to core the holes into position during 
”“que holes as well as side holes. 

molding design • ai^vv i-Vian attempting to com* 

turer usually drills t e a,a.„ are some notable exceptions m 

plicate the molding procedure. There are some no 
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molding side holes and oblique holes whereby transfer or injection 
methods are employed with considerable success. In the molded 
part shown in Fig, 69, not only are side holes and oblique holes 
placed in unusual positions but, in addition, some of them are 
on a radius, requiring withdrawal of the mold piece on a radius. 
The piece is an example of a difficult molding job which would not 
ordinarily be handled by compression molding. Unusual holes with 
bends at such a radius that the mold piece cannot be withdrawn, 
may be formed by low-melting alloys which are removed from 
the finished molded part by high-frequency induction heating meth¬ 
ods. Obliquely placed holes require loose pieces that stay with 
the molded piece as the force is withdrawn and must be removed 
before the cavities are placed in the mold once again. A slight 

taper on the core pins will facilitate their removal from the 
molded piece. 



F/g. 69—Exomp/e of s/cfe cores and oblique holes in transfer- 

molded phenol plastics 


Long horizontal holes, with core pins supported at two ends, 
have ^ been effectively produced in molded plastic design. The 
function of the two supports is to prevent displacement of the 
core pin during the downward stroke of the force. Too long a pin 
sometimes will result in a slight bowing effect. When a molding 
composition other than a fabric-filled type is employed, the use 
of preforms is recommended. Encirclement of the core pin by 
preforms before insertion into the mold cavity will facilitate rap- 
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id and effective distribution of the molding material. A desip 
of this description is shown in Fig. 70, which was adapted to utilize 

large horizontal core pins. 



Fig. 70—Horizontal coring pin svpportod at two points by mold 


Location ot Holes: The proper location of 
core pins is governed by the flowing qualities of the m Id g 

composition and allowable wall thickness ^ 

may not only increase the shrinkage ot the naolded p P 

cooung but also lead to cracks in ‘he “old^ t of mold- 

tag pressure, and distortion is minimized, deeper hoto ^y^^ 
cored. However, for the ae^th of hole and 

based upon experiences with present molding materials 

subject to variations in part. These 

Through holes often are specified 

offer no difficulty to the molding ^^vity 

formed by pins together. The 

^^er m" ho"d t 'p^efe’rre^^A —ta -S- - 

butt together. A be knocked out easily. 

It also is desirable to make one pm _ j Ins during 

other to account for possible operations the 

molding. During the course of ^ny molding J 
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Table XLVn 

Depth of Hole and Wall Thickness for Intricate Molded Pieces 

(In inches. See Fig, 71) 


Hole 

Diameter (A) 

A 

% 

A 

A 

% 

% 


Minimum SidewaU (B) Hole Spacing <C) 

Hot Molded Cold Molded Hot Molded Cold Molded 
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action of the fillers. When the dimensions fall below the toler¬ 
ance limits, the core pins should be replaced in the mold. 

Another possibility for the machine designer is the formation 
of ‘'step-backs" on the outside contour of molded parts, similar 
to louvers in radio cabinets and air conditioning grilles. In prac¬ 
tice, these holes or cross-openings are produced by the force plug 

and mold cavity without the necessity of withdrawing core pins 
or coring plates. 

Threads in Molded Parts: The molding of screw threads in 
plastic materials is quite a common practice. Strong, durable 
threads are produced, reflecting the accuracy of the mold parts 
which reproduce them. Either internal or external threads may 



Fig. 7h 
mensions 
(see 


Recommended 

for molded parts 
Table XLVIl) 
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be included in the design, and if compression moling is to be 
employed, the axis of the threads is located preferab y p 
to the molding stroke. On the other hand. 

eKtendlng in several directions are readily accomphshed by tra 

“w^n^the thread size is small, say No. 8 thread or smaller 
metal inserts are preferred, as the molded 

not strong enough, XL when Lhtened 

because they are ^ ‘ ‘ re are numerous threaded parts 

durmg assembly. However, t success- 

such as '‘“^Xrnal and Internal threads are required 

ful for many years, hixternai aiiu 

for this assembly. frequently employ molded 

For bottle ^ J , ^^ed thread has supplanted the stand- 

tr. This snecial thread facilitates the removal of caps and en 
bhes. Tins special th _ 

closures from b^Xroad forming plugs accompanying the mold 

screwed from the t ^ sometimes 

cavity, berew rnreduo j. , ,, . ^ Tv».nr>f»<5<5 The mold will as- 

in the mold cavity by the ° detail When screw 

sume the shape of the master hob m every detail 

threads are so formed, provisions must be 
master hob to turn freely during pressing, the 





pjg. 72-Molded telephone parts 
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tnf A lArg6, bAiticocd bsU, cspablc of rotation 

However, the thread-molding; pluga mor 



machiaed from 


Various mokiera have made a specialty of molding: small 
threaded bottle caps, many millions of which are produced ever\’ 
y«r. To simplify their removal from the. mold, x'aiious phenolic 
and UTKi stripp^ compositions have been developed, which per¬ 
mit ejection over the threads at molding temperatures unthout un- 
Bcrewinf the threads. On the other han^ some raoldcrs employ 
quick-actin* chucks which wUl rapidly u^Jcrew the molded caji 
from the dies. Thus, while one act is bein^ molded the operators 
may bo removing: the cape from a duplicate act of punches. In 
still further r^ements. aome molds have been desired With 
complete automatic unaerewinff de\ice©. At the end of the mold- 
ih^ C)rXie, an electric motor is started W'hich, through a worm 
drive, rotates the threaded pla^ forming the caps. Care must 
be ex^^dsed in such molds, however, to prevent tho molding ma¬ 
terials from hampering the mechanical operations of the unscrew- 
Ing mechanism. 


Molded threads are more dllficult to produce on fabric-fliled 
and eord-ftlled compositions, where it is difficult to get the rein¬ 
forcing filler down to the root of the thread. It ia not good prac- 
to specify too close a fit of a plastic thread if it is to be aa- 

•cmbled to a metal unit, particularly if after or aervice-shrinkagf 
may cause binding of the parts. 

While solid threaded plugs most generally are employed to 
form threads in molded parts, it someUmos ia feasible to form ex- 
tewial threads with a split die, which on opening eliminstes the 
DTccaalty of laborious unthreading. Aa the mold wears, however, 
the flsah at the parting of the mold halves will grow, and the 
"»Wer must make proviMons to chase the threads to remove the 


Outatariding examples of careful d<<aigna of molded threa 

P»*ta are contained in the National Aircraft Standards, whert 

®^tsil drasrings of basic fittings have been reproduced. These 

include elbows, tees, coupling nuts, lock-nuts. Y's. an( 
•We variety of thr^ded 

•troog enough 


parts. These fittings were designed 



to withstand the tos|^ea of aluminum 

Weight and cost savings were readily apparent 
and appfication. 
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w 11 Thickness ‘ The thickness of molded plastic materials 
%VaU Thickness, ine t requirements, but also by 

is determined not J material. When cold material is 

placed into the naold and y/inch or 

tions are ,ible becanee It will not only mean 

more material, but it ® th4 portion. Custom molders 

to attain adequate cure wi ggetions, particularly when thm- 

have in the P^^ the same time. Curing time for 

wall partitions are present „ thickest section and not 

molded articles seldom are thick-molded plastic see¬ 
the average wall thickness. exam- 

tions uniformly curei In , P it is not uncom¬ 
ining molded parts about one granular material on the 

mon to find a crack or some uncured gra 

inside. however, the advent of high-fre- 

Within the P^* ^Jj'g c’ompounds and high-humidity heat- 
quency preheating o ^ molders’ viewpoint on thick molded see¬ 
tions. Parts many inches t k material closer to 

Acuity by these innovations. y ^ j^^^g ^mes of 

molding temperatures m a ^hick molded parts. In addi- 

curc are no longer necessary £« “"ck^ ™ section of a thick 

tion, the polishing manner, reveals excellent uniformity 

molded part prepared in this manne 

of texture. , produced with the aid of 

Nevertheless, whether the pa ^ excessive variations 

high-frequency P”*'"®*'"® " the molded part, care must be 

in material .“'“"y tL development of excessive 

exercised during cooling to avol annealing or slow- 

stresses and uneven for maximum dimensional 

cooling operation would be desiraWe 1 

etability. Dropping thick molded l.n,a 

duco complications. c o There will still be some 

dimensions, while the nsi e ^asulting in internal “ 

;"”yt «o— y apparent in transparent molded 

_ .A lA ^ m 

tides. 


11 ■ 

tides. - nrtides, sucli as drinking 

in the design of .^^yXod good design practice to taper 
biers or the like, it is considerc 


DESIGN PRINCIPLES 


245 


off the wall thickness as the material approaches the flash line 
(see, for example, Fig, 73). In this manner, adequate back pres¬ 
sure will be assured upon the molding* material, and hence the at¬ 
tainment of a uniformly dense, acceptable structure. 



Recommended 



Not recommended 


Fig. 73—In design of deep-drawn arfides, if is good practice to taper off the wall 

thickness as the material approaches the flash line 


For phenolic and urea plastics, thicknesses for radio housings 
molded of thermosetting materials vary from 0.093 to 0.156-inch. 
In general, wall thicknesses for thermoplastic materials run 25 
to 50 per cent less. Thin egg-shell walls sometimes appear on 
pieces to be knocked out, such as the flash formed between a 
vertical and horizontal core pin, but otherwise, from a sound me¬ 
chanical standpoint, the wall thickness as cited should be observed 
Other expedients exist for increasing the strength of the molded 
piece without calling for too thick a wall material. These meth 

ods require ribbed reinforcements, or metal and/or laminated plas¬ 
tic inserts. ^ 

Injection molded parts are limited in their maximum thick¬ 
ness Shrink marks tend to appear on surfaces of excessivelv 
thick parts, due primarily to freezing of sprue and cutting of mold¬ 
ing pressure before the molding has completely chilled. Sections 
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in excess of Vs-inch are avoided for most materials, 
much m excess ot /s for providing ribbed supports 

Several methods are ac p^^^^ thickness. One method 

on molded plasbcs m strength- 

is to raise a slight be ^ ....toide as well as inside im- 

ened, while the other of these designs is shown 

in Pig. T4. In this, the same “‘'“f oo^bbed piece, but also 

ting not only ‘he s^me of about 46 

allowing a greater strengtn S ^ rf^sults for a ribbed sup- 

degrees and ^Ltruetions may be carried even 

port of this descnp lo . rippled surface, analogous to 

further—to the production „othods are necessarily expen- 

corrugated sheet metal, but such m recommended. 

sive due to higher mold costs and are not^ alway ^ 

Ribs are not necessarily res nc material to some high 

they may be steep in order of rib one-half of wall 

isolated boss. By emplojung . -t^able for thermoplastics. 

thickness, "sink marks” ^e^me '■nprobab^^^^^^ 

Ribs provide another ad ^ g distribute the 

in the -Pf‘.y "eTIproved conditions for flow will also serve 

rsrngrrth; Jied p\rt. -— 

plastics, ‘\® “7‘t5n‘*w\lls and sharp angles should be 

wood-flour filled yp^ . nromote better flow of material, 

avoided in the molded P molding viewpoint may 

Some cumbersome g voiding qualities. In the 

be revamped entirely ° 8 molded for one manufacturer, 

ITstT/'tL^'faVrof Tmproper wall thickness were present, as 


follows; 


1 . 

2 . 

3. 


TTneven ahrinkage of parts, leading to warpag 
Uneven snnna g 

Long curing iim material. 

Not the best conditions 


,• . the design, the molding time "-ay 77“^ 

i„ a fraction of the original time when metal 

jg obtained. Exceptions ocev r. , sections are required 

inserts are included with plastic material. This 

to surround adequately the insert 
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Fig. 74—Large flat areas can be strengthened by ribbing, maintaining 

uniform v/all thickness throughout 

instance may be understood readily, by introducing a threaded 
insert in a corner of the container. 

Thin walls in molds as well as thin walls on thermosetting 
materials are not always recommended. Thin walls in the molds 
correspond to thin slots in the plastic piece, and even though 
they may be positioned correctly with respect to conventional 
molding operations, their presence is avoided where possible. If 
the thin section in the mold is in the form of a ring, describing 
some annular groove, conditions are improved somewhat from 
a mechanical viewpoint as the continuous ring structure will re¬ 
sist distortion much better than a thin, flat, unsupported member. 
The pressures and pressure gradient developed during the closing 
of the mold are liable to distort weak mold sections. Fig, 76 
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illustrates an example of what would constitute a weak mold 
section The three thin slots running into the housmg wou 
IZZ three straight slabs in the mold cavity. These weakn^es 
r^ay be overcome by grooving the slots in the de^endmg force 
To that their engagement will occur before the mold halves co-e 
too-ether. However, if the slots were not through slots, a 




— t 

1 






. L wall thicknesses. 

Fig. 75 —Container of upper view fJirkness is molded in less 

design (lower vjewj ,,,ength-weight characteristics 


Re- 

fime. 


minated within the mold piece, the ^“hr^oblem te”U- 

be forthcoming. From a design pom „ t all times should con- 

lustrative of the fact that the .tould be al- 

sider weak sections in the mo . strengthen the mold 

lowed for all projections from the mold to strengt 

pTrts and prevent distortion during hardening. 
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76—To mold fhis piece rBqutres 
fbaf relaiiveiy weak mold membors 

be employed 


Molded parts with adequate strength should not constitute 
an excessively difficult problem for the designer, particularly 
when good appearance and strong designs run concomitantly. 
Particular reference is made to the substitution of rounded and 
domed molded parts, such as shown in Fig. 77, for flat unbroken 
surfaces. The hemispherical shape offers much greater resistance 
to stress than its projected area as a flat surface. Besides, large 
flat areas give the illusion of concavity, which only can be counter¬ 
balanced by a convex surface. Designs of this nature are sugges¬ 
tive of other ways to improve upon the strength of thin-walled 
molded parts. Another design feature is also brought out in Fig. 
77, namely, specifying well-rounded inside corners to avoid dust 
collection and well-rounded outside corners to avoid sharp edges 
unpleasant to the touch of the hand. 

When molding translucent urea and melamine plastics another 
design consideration regards wall thicknesses of the molded parts. 
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Greater shadow or opacity is observed on the thicker sections, 
deterring to some slight measure from the delicate, uniform, trans¬ 
lucent touch of the remainder of the design. Sudden changes in 
dimensions from thin to thick may show up as darkened lines on 

the outside of translucent moldings. 

The usual molded urea plastic parts are kept as uniform as 
possible in wall thickness, as this condition will allow a uniform 




DOAAED FOt? 
STRENGTH 


WELL-ROUNDED 

CORNERS 


Fig. 77 —Hemispherical cover is preferred 


curing time, and a decidedly more homogeneous article from an 
appearance angle. Thick walls in urea plastics are not desir¬ 
able for molding operations, and a limit of should be main¬ 

tained in the usual designs. A typical application of molded 
urea plastics is the light reflector bowl which has become so popu¬ 
lar. The wall thicknesses of these range from 0.040 to 0.100-inch. 

In the design of molded urea and melamine housings with rela¬ 
tively deep draws, best results are obtained with a thinner sec¬ 
tion at the top of the draw than at the bottom. For example, 
some housings 6 inches deep are specified with a 0.080-inch wall 
th^Less at the bottom and a 0.070-inch wall at the top. Ex- 
perience has shown that the best moldings in urea plastics are 
produced with a decreasing wall thickness toward the flash line. 

Location of Flash Lines: After the designer has made prog¬ 
ress with his preliminary layout of the proposed molded plastic 
part, the question of where and how to include the flash hne vnll 
arise In general, it is a function of all good molded plastic de¬ 
signs to locate the flash line in as inconspicuous a location as pos- 
siL. Concealment of the flash line is not always possible, mas- 

much as it usually appears across the greatest 

molded piece cross section, perpendicular to direction of mold g. 
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It is considered good practice in some designs to establish 
arbitrarily the flash line by including in the design an additional 
rib which would lend itself readily to buffing. Wavy and irregular 
surfaces upon which the flash line would be difficult to buff prop¬ 
erly, should not harbor any mold parting lines. Likewise smooth, 
lustrous flat areas can also be marred by a mold parting line 
down the center. On the other hand, by redesigning the housings 
or container with a bead or ring about the bottom periphery the 
flash line can be removed to a sharp corner with comparative ease. 

Location of the flash line at a straight, sharp edge is a good 
feature. Otherwise finishing operations are required at parting 
lines on well-rounded corners to reduce the fin to the same smooth 
contour of the rounded section. Not recommended and recom¬ 
mended designs illustrating this principle are shown in Fig. 78. 

Other fins may appear in the thin interstices between split 
cores in mold construction. These fins are contingent upon the 
accuracy with which the machining operations have been con¬ 
ducted, and the closeness of the fit between pieces as well as the 
mechanical support given the mold to prevent spreading. Side 
holes, which are formed by core pins and extend through to ver¬ 
tical molded cavities, have flash lines at the area of division be¬ 
tween the two cavities. Thickness of flash lines vary from 0.002 
to 0.015-inch, depending upon how long the mold has been in use. 
Flash lines on well designed transfer or injection molds may be 
KGgligible. This is possible in these cases because molds are tight¬ 
ly closed before material is introduced. 

Location of Gates: While the location of gates in injection 
inolds often is considered a problem of mold design, the de¬ 
signer concerned with the maximum strength and best appear¬ 
ance of the molded article should consider certain peculiarities of 
injection molded articles. When the molding material is forced 
through the gate into the closed mold it will first flow out fan- 
wise from the gate entrance, and then double back on itself to 
fill out the cavity. The angle formed by this initial fanwise flow 
can be detected in certain molds involving a long distance of flow, 
because when the molded piece is broken a line of fracture often 
will appear along the sides of this angle, indicating imperfect 
welding of materials at this junction. Better understood are weld 
marks appearing in injection molded articles, which arise when 
the material separates at some obstruction in the mold and at- 
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^mpts to reunite further on. These ‘ 

are structurally weaker than the rest of the 
In general it is the practice of moid designers 
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gate or sprue at the thickest portion of the molding. In many 
examples more than one sprue will give best results. Location 
and design of sprues are discussed in greater detail in the chapter 
on injection molding. 

Curved Edges and Fillets: Though sharp corners and clean 
lines are attainable in molded plastics, there are many advan¬ 
tages accruing from the use of generous radii and fillets in the 
designs. These advantages are manifested by: 

fuiprovement in flowing qualities of the molding material 

2. Greater strength in the molded part, because of the more 

gradual change in dimensions, with diminution in stress con- 
tration 

3. In some instances, less hand work upon the mold, the radii 
formed by milling cutters establishing the finished dimension 

4. Less accumulation of dust in sharp comers 

5. More pleasant to the touch of the hand 

6. Sometimes an improvement in appearance of the external de¬ 
sign feature 

7. Minimizing the possibilities of chipping and marring of sharp 
molded comers 

8. Minimizing wear of sharp edges in mold by the molding com¬ 
pounds 

9. Less chance for dust accumulation. 


With advantages such as these, it is no wonder that molded 
plastics emphasize well-rounded edges on the internal, as well 
as the external surface of the design. The one largest exception 
to the use of curved edges and surface is the location of the 
flash line, which is best designed on a sharp clean edge. This sim¬ 
plifies the finishing operation. Aside from these exceptions curved 
surfaces and edges in plastic design are useful expedients. 

The gain in physical strength of the molded plastic parts 
and the gain in strength qualities of the mold itself by good radii 
and fillets are important. While it is an impractical procedure to 
establish a standard limit for all molded plastic pieces, reason¬ 
able care may be exercised by specifying at least 1/32-inch for 
all corners, and more where preferred by the designer. The general 
expression, “break all corners”, sometimes will suffice and leave the 
selection of the proper radii to the toolmaker. Sharp corners on 
nside construction frequently are circumvented or crossed by fil- 
lets or ribs, designed to promote better flow to the more remote 
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p 3 .rts of the design. Filling out molds with, thormosottiu g 

resins requires artifices of this nature. Thermoplastic materials 
are better in these respects, due to better flowing qualities dur¬ 


ing the molding operation. 

From an appearance point of view, the elimination of dust 
traps on outside crevices on molded plastic parts is a worthwhile 
feature of molded plastic design. Too often this fact has been 
overlooked until the molded part has seen some actual service. 
At least 0.032-inch should be allowed on inside radii for dusting 
purposes. Though sharp, clear lines augment the beauty of some 
designs, the general tendency has been to soften the designs with 
smoother curves. Prevention of chipping of corners because of 
impact and smoother handling of the piece have been two good 


reasons for this trend in design. 

Consistent with curved edges in plastic design have been the 

broadly curved surfaces of plastic housings. This feature is 
brought out in greater detail in Chapter XXIV. It serves to illus¬ 
trate modern and advanced design possibilities in plastics from 
an artistic point of view. The dual role of the attractive ebbing 
on recently designed radio housings has not only enhance e 
beauty of the sets, but also has served to eliminate and concea 

any possible flow marks in the piece. c i „ 

Flow Marks: A sudden change in the path of flow of plas¬ 
tics as well as a fluid medium involves a loss in energy, to e 
more sluggish plastic medium, this condition may * 

guise of flow lines, indicative of the lack of a harmonious flo^t 

material. Effecte obtained like this in 

be detrimental to the appearance of the final article, "le designer 
should learn to anticipate and to avoid them by deta g g 
erous radii at the junction of the two sides o a mo e 
piece. Sharp comers obstruct the tree flow of plasUc materm 

with a weakening of that section, while the optimum 

fles full-rounded corners. Concealment of flow marks on moW^ 

tending to improve flow about obstructions in the mold. 

will help eliminate 0°^ , observed in the more opaque 

Flow marks may not be reaau> 
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thermosetting plastics at first, but on aging and in the presence 
of moisture, may grow progressively worse. Flow marks or flow 
lines, as they are sometimes called, are more apparent in trans¬ 
lucent or transparent injection moldings, requiring care in adjust¬ 
ing the molding cycle to eliminate them. More difficult to elimi¬ 
nate is the weld mark formed when two paths of flow reunite in 
a mold extremity after they have cooled. Weld marks are dis¬ 
cussed again in the chapter on injection molding. 

Draft: Allowance for draft or taper is an important design 
detail for molded plastics, if the piece is to be withdrawn or 
ejected from the mold cavity. There are no precise mathemati¬ 
cal formulas to indicate the amount of draft to allow on a molded 
piece. Experience has shown that if the piece is withdrawn from 
a highly polished mold, less draft will be required than if a rough 
finish is present on the mold surface. Further, the thinner 
the wall section and the more rapidly the hot mass of molded 
material will cool, the less the draft angle between the molded 
piece and the outside mold. However, for general design work a 
draft of 0.005-inch per inch has proved satisfactory for hot-molded 
plastics, and about double that value for cold-molded phenolics 
or bitumen-base compositions. When long draws are involved, 

drafts of as little as 0.001-inch per inch have been specified with 
satisfactory results. 

Lettering and Engraving: Little has been said heretofore 
regarding the best methods and proper design principles for let¬ 
tering and engraving molded plastics. In general, several meth¬ 
ods currently employed with appreciable success are: 


1. Metal inlays of letters or decorative strips 

2. Raised letters and raised designs on the molded piece 

3. Sunken letters and engraved designs on the molded piece 

4. Letters or decoration mechanicaUy rolled by dies into 
molded plastic housing* 

5. iHscellaneous decalcomania, branding, labels, etc. 


the 


Metel inlays should not be overlooked in considering decora- 
ve and instructive details on molded plastic housings. Injection 

ro^the -d'" attractively placed metal inlays 

pon the outside surface, have been the subject of a recentiv 

modeled hand stamping machine. Equally attractive inlays in con 

rastmg colors often are desirable, not obtainable by other mean.s. 
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Raised letters or designs in thje finished product reqmre the 
engraving of the letters in the mold in bas-relief. This operation, 
while requiring the handiwork of a skilled artisan, is less costly 
than intaglio or raised letters in the mold to produce sunken let¬ 
ters in the molded piece. On large molded sections where en¬ 
graved details and lettering are spread out over a considerable 
area, the pantograph duplicating machines are invaluable for fast 

and rapid reproduction of designs. 

Raised letters, produced by engraving in the mold surface 
are effective methods of identifying the name or brand of the ma¬ 
chine. However, they must not interfere with the ^ 

piece from the mold or necessitate a split mo un ess 
receseary. It is surprising how little the letters need to be ramed 
on the molded product to catch sharp highlights and stand ou m 
bold relief At the most, 1/64-inch in height is all that is neces 
a:ry. Decorative trimmings, decorative ribs, and ffutmg ^ao^not 
require any greater heights for attractive isp a . ^ 

required to make the surface effective, 

hieher letters to obtain better 
plastics, however, require slightly high 

Mrided parts produced from multiple-cavity molds usually 
exhibit sunken letters rather than raised letters. This is possi e 
only through raised letters in the mold cavity produced by a 
master hob with sunken or engraved letters. Sunken e 
the molded pieces may readily be filled with f 

afford a contrasting color. The thickness and ^ ^ 

seem even greater with the color pigment ^3a- 

ofl of all surfaces but those actually forming pa 

Another popular method of ttT7wo-L”rmoltog 

i. for business machines is the 

r n-fe. "Se 'tt. — ^ 

l’:H%rr"olorproducing a highly readable, permanent 

Molded letters and decorations on plastics - P—j; 

incapable of being ■J"=tr°yed “ 10 = P the 

ished. This is an important factor w 
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attachment of decalcomanias or nameplates does not represent a 
fully permanent job. Though the latter will reduce mold costs 
appreciably, choice cannot be made until the merits of the indi¬ 
vidual applications have been studied carefully. Among other 
identifying methods used by some manufacturers are those in¬ 
volving the impression of a design by a hardened die into the 
surface of the plastic to give some identification to the piece. The 
plastic part must be well backed up on both sides to avoid crack¬ 
ing due to the pressure of the die, though heating the die is an aid. 
Small dies of this nature are used for registering numbers on 
plastic housings prior to their introduction to the assembly line. 

Knurling is another design principle in the hot molding of 
plastics. It is used most broadly on small, portable hand ma¬ 
chines with all-molded plastic housings to improve the hand grasp 
on the piece. Another advantage accrues through the use of a 
knurled surface concealment of the mottled coloring which gen¬ 
erally accompanies parts molded from shredded fabric, phenolic 
molding compositions. Straight knurls are preferred for small 
mold parts, though diamond knurls may be used. 

The foregoing design principles and features of molded plas¬ 
tics outline in a general manner their design possibilities and lim¬ 
itations, There are no established rules or laws, and to apply 
plastics properly one must be familiar with the material, from 
a chemical as well as a molding standpoint. Certain expedients 
m the design principles have been useful to various manufac¬ 
turers, and these should be an aid to design work. Some of these 

have been illustrated and should be suggestive of methods for 
undertaking new problems. 


Allowable Tolerances 

Designers are prone to call for closer tolerances than actually 
are needed. While these tolerances usually can be furnished it is 
sounder economy to be as liberal as possible in the design. Among 
tolerances which usually must be maintained are those that have 
to do with the relative spacing of metal inserts, which may be 
ocating positions for some stiff metal members. If mold shrink¬ 
age, for example, has shortened the distance between two metal 
inserts which are to serve as a support for a single piece that 
has been drilled correctly, or blanked out as far as insert location 
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is concerned, the molded piece may have to be rejected if the in¬ 
serts are too close together. One method of handhng this prob¬ 
lem is to remove the piece directly from the mold, and while still 
hot, attach the piece directly upon a fixture that has locating pins 
correctly positioned in accordance with the desired tolerances. The 
locating pins will engage the proper holes or inserts, which have 
been molded in the correct position, and in cooling the rigidly bm 
fixture will maintain the desired spacing between the holes or m- 
serts in question. Cooling the molded piece within the mold is an- 
otlirr expedient sometimes employed for thermoplastic materials 
Some designers have found it possible to maintain close tol¬ 
erances on overall diameters of round or cylindrical parts 
the use of metal or fiber inserts wiiich protrude beyond the molde 
nar,^ For example, a metal ring ineert may bo molded on the 
inside of a tubular housing at a position where accurate dimen¬ 
sions must be maintained. The tolerances of the metal ring are 
much closer than that obtained through any molding operations. 
Z any a«»rately machined piece that is to be pressed into place 
will fit tightly without setting up undue stresses in the materia . 

Very exact tolerances are dirtieult to maintain in molded 

plastics for th«' following reasons; 

1. Thermal contraction coefficients of pla.stics differ from that of 

the steel in which they arc molded. m fhPrmo- 

2. Vohimetrlc shrinkage which normally ® ^ 

srUing he mohling' p'^'essurc. Shrinkage due to 

r:" T: - .^^snslon coo-dent.s wah 

atecl ,» expreawd as the J ”o 7 o 9 -lneh 

purpose por inch for heat-resistant 

per inch, or 0.003 to ., ,^,-3 m the chapter on 

grades. More complete tabulation appi 

the thermal properties ot 1 >'^'““; approach the values 

3. Aft. r-shrlnknKe or *at„re operation expedites 

„( mold * atter-shrlnkiigo of ropresoatatlve 

thi rmosetllng plastics Is Illustrated In the ohaptel ol 

properties. dllTerent poillon. of a given 

mmded plMtlc article may coatrihute to Iho development of 

r„tema. -i--" "" ":^ne,e the tolcraneo. 
" rtTlhed.”' rr,'tl a mo.der knows thst how 
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the mold is machined or hobbed is dependent upon the toler¬ 
ances specified in the design. 

6. Molding methods also infiuence the tolerances. Better tol¬ 
erances usually are possible in transfer or injection molding 
than conventional compression molding. Where thick sec¬ 
tions are involved, better accuracy will be maintained if ma¬ 
terials are preheated by high frequency methods. 

7. Mold wear will bring about changes in tolerances. Many 
tens of thousands of pieces generally are turned out before 
any adjustments are made, though during this time, depend¬ 
ing upon the steel and the material, the mold and its coring 

pins will wear slightly—perhaps enough to alter close toler¬ 
ances. 

8. In compression molding the specification of tolerances is de¬ 
pendent upon the relation the dimension holds to the line of 

pressure. Barallel to the line of molding pressure, 
the part dimension is subject to the amoimt of material added 
to the mold and the thickness of the fiash line, and tolerances 
may well be plus or minus 0.005-inch per inch. On the other 
hand, perpendicular to the line of molding pressure refiects 
the accuracy and experience of the tool maker, and tolerances 
of plus or minus 0.002-inch per inch are not uncommon. 

Representative tolerances to allow on molded parts are shown 
in Table XLVin. 


Table XLVm 

Standard Tolerances 


Plus or Minus Tolerances 


Type of Material 

Gen eral -Pu rpos e 
Phenolic 

Method of 
Molding 

Compression 

Tolerances (In.) on One Tool 
Part for Diameters of 

1 In. 3 in. 6 in. 

.0045 .0072 .010 

Tolerance (In.) 
on Unear Dimension 
for Cavity Depth of 
1 in, 3 in. 

.008 .012 

High-Impact 

Phenolic 

Compression 

.0055 

.008 

.011 

.010 

.014 

Cellulose-Filled 

Urea 

Compression 

.007 

.on 

.015 

.010 

• * • 

Polystyrene 

Cellulose Acetate- 
Butyrate 

Injection 

Injection 

.0037 

.004 

.005 

.0055 

.0065 

.0072 

.004 

.005 

.007 

.000 

Cellulose Acetate 

Injection 

.0038 

.0055 

.0072 

.005 

.009 


Of course it must be realized that the accuracy with which 
molded parts are produced will also depend upon the care observed 
m preparing the mold. Very close tolerances can be held if much 

hardened. This is more expensive, though under certain circum 
stances may be warranted. Dimensional tolerances for molded 
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plastic parts have been the subject of careful study, and values 
to be incorporated in the design must reflect the variables of 
molding technique as well as the dimensional stability of the ma¬ 
terial. S.P.I. has made an initial survey of molding dimensional 
tolerances and has classified them as follows: (1) Fine toler¬ 
ances—very close limits possible through strict supervision; (2) 
standard tolerance—usual tolerance which can be held in produc¬ 
tion and (3) coarse tolerance—permitting considerable latitude in 

dimensions. 

Shrinkage of molded plastic parts is a problem which con 
fronts every designer at one time or another. While the de¬ 
signs should specify tolerances in keeping with probable mold 
shrinkage values, there are certain other factors involving shrink¬ 
age which are not easy to evaluate. Shrinkage from mold di¬ 
mensions constitutes one type of shrinkage and usually can be 
estimated as a function of the material employed and the tem¬ 
perature and time of the molding operation. On the other hand, 
shrinkage of the molded parts in service depends upon the ma¬ 
terial employed, state of cure of the thermosetting plasticj tem¬ 
perature of application, vapor pressure of plasticizers in thermo¬ 
plastic materials, humidity, etc. r, +• • 

The probability of these changes occurring should be antici¬ 
pated and the designer should make adequate provisions for them, 
generally through the assignment of liberal tolerances, or at least 
in designing the piece so that operation will not be affected by 

the slight change that will occur. 


Evolution of the Design 

Many precautions are observed in the evolution of an en¬ 
gineering design in plastics from its initial conception to the time 
that parts are received from the production molds. Particula 
care must be exercised when large mold investments are in¬ 
volved, as may be the case for molded machine housings, 
dustrial designers have been active in promoting 

S tt various manufacturers many 

tist accurate layouts are drawn by the draftsman, followed by 
detailed drawings. 
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While a clay, plaster-of-paris, or hardwood model finished in 
some enamel may serve to translate the conception of an artist 
to a tangible form, experience has shown that an accurately 
machined article is to be preferred before a mold is ordered. Con¬ 
sequently , when a preliminary design has been decided upon and 
detailed drawings completed, a model is accurately machined from 
metal or, preferably, from a solid piece of plastic material of 
the same color and finish as the proposed production model. Work¬ 
ing tolerances and clearances often can be checked from this 
model. At this stage of the design, consultation with the custom 
molder may reveal certain features that would be costly to repro¬ 
duce by molding. Worthwhile savings may be effected on his 
judgment and experience. It usually is advisable to finish the 
surface of the model inasmuch as objectionable highlights, sharp 

curvatures, or unbecoming flat areas will be revealed, and the 
necessary changes made. 

Whenever possible, especially when large quantities and mul¬ 
tiple-cavity molds are involved, a single cavity experimental mold 
will prove to be a wise investment. Failure to invest in an ex¬ 
perimental mold or in an accurately machined model is the cause 

of expensive changes in production molds. The experimental mold 
serves many useful purposes: 

1. Accurate estimates may be made for mold shrinkage and after- 

shnnkage m the plastic material, and thus allowances can be 
made m production molds 

2. Appearance of the article as a molded piece may be far dif- 

ferent from the model machined from wood or metal, thus 
necessitating further changes in the design 

3. The manufacturer may wish to send a number of experimental 
models to prospective customers. Pieces from an experimen¬ 
tal mold would be less costly than if each were machined in¬ 
dividually. Prom the comments of the customers, the final 

design may be arrived at, and adjustments made in the nro- 
duction mold. ^ 


Often an experimental molding in a transparent or trans¬ 
lucent material will reveal data on wall thicknesses of uneven 
surfaces or working clearances not suspected in a soUd opaque 
model When the final design has been approved or the experi- 
mental smglc-cavity mold noted as satisfactory, the multiple-carfty 
production molds may be ordered. Successful results are assured 
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only when proper precautions have been exercised in the evolu¬ 
tion of the design. Never should a design go directly from the 
drawing board to the mold without building a model of reasonable 

accuracy. 

Once the design has been accepted, through approval of an 
accurately machined model or, preferably, of a unit from the ex¬ 
perimental mold, changes are costly and increasingly difficult to 
make the further into production the design progresses. If the 
designer is aware that some changes are inevitable, he should in¬ 
form the molder, who may make provisions for accommodating 
these changes in the production mold at the least possible expense. 

The design of molded plastic parts requires not only knowl¬ 
edge of good mechanical design principles, as have been outlined 
in this chapter, but also a good comprehension of the tools or 
molds to be used in turning out the work. When this background 
has been attained, the designer can really design in plastics. 

Inspection and Preliminary Tests 

Of major consequence to the success of any design in plas¬ 
tics is the inspection and preliminary tests given to the plastic 
parts prior to their inclusion in production assemblies. Tests 
upon the suitability of the materials employed should be con¬ 
ducted well in advance of the actual molding operations. They 
should be followed in turn by inspection of preliminary parts from 
the experimental molds or punched laminated parts. Finally, t e 
first lot obtained from production molds should receive a last or- 
ough inspection for mechanical suitability and adaptability ® ® 

remainder of the assembly. Briefly, inspection tests upon plastics 

parts constitute; 




iterial Qualification Tests— Electrical, chemical, or me- 
inlcal properties should be thoroughly tested under t e 
rerest conditions of the intended application. Any devia- 
n or failure to comply with requirements is cause or re- 

^llminary Qualification Tesfs of Finished Samples-Tl^se 

,ts are designed for parts furnished from the f 

>lds or temporary dies to check primarily ^ 

and clearances, and electrical properties. Particular 

should be made of the tolerances that have been ob- 
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served, especially on inserts. Molded pieces should be checked 

carefully for surface flaws and material imperfections and 

contours carefully inspected for conformance to final draw¬ 
ings, 

3. Final Acceptance Tests on First Production Samples—First 
samples obtained from production molds and dies should be 
subjected to a thorough inspection in much the same manner 
as were the samples for preliminary qualification tests, A 
number of complete assemblies may be made and submitted 
to service tests as soon as possible, to ascertain shrinkage 
changes which may occur during operation. 


The type of service to which a part is to be subjected and 
the kind of materials employed determine the nature and severity 
of tests. For example, material inspection methods for molded 
urea plastics or lightly colored cellulose plastics are somewhat 
more stringent with respect to appearance. As a result, a num¬ 
ber of otherwise mechanically sound parts may be rejected be¬ 
cause of material imperfections. Translucent and transparent ma¬ 
terials are among those which have a high rejection rate, not only 
because of slight impurities, but also because of the presence of 
minute air bubbles difficult to free from the molding powders. 
Other properties requiring careful judgment on the part of the 
inspector are heat resistance of the plastic, shrinkage, and odor at 
the maximum service temperature. There is only one way to find 
out and that is to subject the plastic piece to the maximum tem¬ 
perature which it may be expected to encounter and keep it at 
that temperature for the maximum possible time which may be 
encountered in some abnormal operation. This test should be re¬ 
peated a number of times until reasonable assurance is obtained 

hat the material is satisfactory in relation to the remainder of 
the assembly. 


If an odorless material is to be provided, a slight trace of 
an objectionable odor should prompt rejection. If the manufac¬ 
turer cannot produce absolutely odorless preliminary samples 
It IS unlikely that he will fulfill the requirements in production.’ 
acing the molded piece in boiling water for a few minutes 

and then smelling the part will reveal the presence of a phe¬ 
nolic odor in thermosetting phenolic plastics. 


thprJ'''' tolerances on molded cavities and contours 

there are miscellaneous inspection gages of value. Master tern- 

P ates, manufactured with precision tools and gages known to be 
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accurate are helpful in checking the unusually shaped curvatures 
sometimes found in molded parts. The shape of the mold may 
conform with the master template, but that is no criterion for 
the molded piece which may undergo a shrinkage tending to dis¬ 
tort the external shape of the molded part. Corrections to the 
mold cavity then usually are made. For the inspection of open¬ 
ings in molded pieces and for the location of inserts, accurately 
built gages are helpful. These master gages must be kept m good 
condition and not mishandled for, through the entire production 
of the plastic parts, they will serve as a standard for the pieces 

that are turned out. 

It is also good practice to check the molder’s gages for ac¬ 
curacy and agreement to insure the rejection of inaccurately 
molded parts at the place of manufacture as ear y as possi e. 

This will save much wasted effort on the assembly lines. 

If parts require a final buffing operation, absolute cleanliness 

and freedom from finger prints and stains should be observed^ 

With thorough preliminary inspections service problems will be 

minimized. 



Chapter X 

Inserts for Molded Plastics 

In many respects the molding of plastic materials is in ef¬ 
fect an assembly operation. From two to hundreds of individual 
components have been assembled by means of the molding opera¬ 
tion into an accurately aligned, integral structure. During the 
molding process the plastic material not only captures all of the 
fine details impressed on the molding surfaces, but also unites 
other components, called inserts, into a strong permanent rela¬ 
tionship to one another. Not all molded parts have inserts, though 
the experienced plastics designer knows well the advantages of in¬ 
serts, and may at times specify a molded part primarily for its 
advantages in assembly. 

Inserts in molded plastics have appeared in innumerable 
guises. Sometimes they introduce their own weaknesses, though 
more often their contribution to design efficiency outweighs the 
disadvantages. Types of inserts employed in molded plastics are 
listed in Table XLIX together with their functions. 


Table XLIX 


Functions of Inserts in Plastics 


Type of Insert 

Resin impregnated paper, canvas, 
or matted fiber 

Male and female threaded parts 
(brass, aluminum or steel) 
Small metal pins 
Metal stampings and eyelets 

Vulcanized fiber 
Glass viewing window 

Wood 

Rubber 


Typical Function 


Localized reinforcement of molding 
compound, as about some hole 
For attachment purposes, or as 
electrical binding posts 
Radio tube bases, plug connections 
Llectrlcal connections and as¬ 
sembly 


Improve arc resistance 
Molded trim about periphery of 
glass renders It more serviceable 

weight or to facilitate 
further cementing 

Rubber vulcanized simultaneously 
to secure resiliency 


Application and proper design of inserts are major factors 
m designing plastics for production, not only simplifying assem 
bhes but also strengthening the piece in some cases and decidedlv 
enhancing the design possibiUties of the molded parts. In assem^ 
mg miscellaneous articles, engineers usually favor the minimum 
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of handling of small parts and the elimination of small, loose 
pieces as far as feasible. A threaded insert not only means one 


less screw-machine part to handle in the assembly, but its cor¬ 
rect positioning with respect to the other by the molding opera¬ 


tion. Other inserts, such as fiber or metal rings, improve toler¬ 
ances on the molded part, when designed in the proper manner. 
For the most part, inserts are not affected chemically by the 
molding material, either during the resin flow of the molding op¬ 
erations or by the thermosetting materials after operations. Spe¬ 
cial precautions sometimes are necessary to protect thio-urea 
molding compounds from steel inserts by chromium plating the 
parts. Nevertheless, inserts are widely employed in plastic de¬ 
sign and their use should be encouraged. 

Inserts most commonly employed in engineering designs are 


metal parts turned from hexagon or rod stock in automatic screw 
machines. These threaded inserts locate molded members with 
respect to the remainder of the assembly. Their external shapes 
are undercut to avoid turning or pulling out of the molded piece. 
Two comparatively simple methods may be followed for provid¬ 
ing anchorage for the insert within the molded part during the 

molding operation: 


1. Turning hexagon or square stock with an imdercut. Mold¬ 
ing material will fill the undercut completely, and prevent i 

from pulling out 

2 Turning round stock with a deep diamond knurl. At le^ 
0.010-inch deep is good practice. Avoid sharp edges on the 

insprt. 


After machining, the inserts may be plated to improve ap¬ 
pearances. Nickel and chromium plating are not affected by mo - 
ing materials. It is also feasible to design small machined metal 
inserts without weakening the molded section in which they are 
placed by gradually tapering off the end of the metal ° 

a small rounded, cone-shaped apex. A flat area has practica y 
resistance to shearing stresses and. if tapered in the 
ner, the metal insert will act as a reinforcement down to the p 
of the cone apex. This practice may be better understood by 


fening to Fig. 79. , ^ nnrts to 

When inserts are used for attachment of 

another assembly, they should be designed so that the clamp- 
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ing force is not withstood by the plastic material. The plastic 
may creep under stress in the course of time and the assembly 
loosen. For that reason, the design should cause the clamping 
stress to be withstood by metal rather than by plastic. 

Other considerations should be given to the design of small 
metal inserts for production. Many inserts are threaded internally 



Fig, 79—Toperec/ inserts add strength to molded part 


or have protruding male threads, which must be kept free of mold¬ 
ing compounds. Design standards for inserts have been estab¬ 
lished by the S.P.I. and are now in general use by the plastics 

industry. Good practices for inserts with internal and external 
threads, Fig. 80, a and b, follow: 


Internal Threads: 


1. Terminate knurl about 1/64-inch from the surface that is to 
be flush with surface of molded piece. This will permit a snug- 
flt and avoid inception of compound into threads, which would 
occur if the knurl ran to the end and turned up a burr 

2. Leave round shoulder on end of insert for positioning in mold 
cavity and provide a seal against the compound 

3. Run a reamer through tapped threads to remove burrs and 

mold attachment of insert to holding pin ili the 


4. Mold insert with drilled hole and tap the insert 
ing it in place. 


after mold- 
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Shoulder to old positioning 

of insert 


Coarse 
diamond 
knurl 


"^Molded 

\ M plOStic 

piece 


Terminated 
knurl 1/64 in 
from mold surface 


X y J 


L ockwosher 


Hexnut 


Turn from hexagonol 


stock 


Undercut 




Rounded 

shoulder 




Threaded 

knob 


Hexnut 


Cup- 
shoped 
wosher 


V 


Terminal stud 
threaded at 
both end s 


Hexnut 




Electricol ter- 
minol connections 


f;g. 80 a-Representaflve assemblies involving screwmachine inserts molded into plastics 


External Threads: 

1 Design smooth shoulder on threaded member for position mg 
S. ^Id cavity, providing a seal against molding compound 

which tends to run down the threads 
2. Terminate the knurl about 1/64-inch from the edge ot the 

molded surface to avoid burrs that prevent a sn g . 

By the preceding expedients, cleaning costs and of 

inserts will be avoided and production speeded "?• ^ 

cautions must be observed for plastics have 
ing moiding to enter threads m mserts. Inserts . _ 
of oil and chips by careful washing and cleanmg 
is particulariy important when a perfecOy air tight 

insert is to be maintained. and entaila 

Design of metal inserts is comparative y P 
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OiQmond 
knurl 


Long chamfer 
on corners 



C'bore to locate 
insert in nrrald 



Lockwosher 


Mochine screw 





Threaded knob 
screws into 
I insert 


1 



Shoulder ^_^ 

during molding-also used 
for riveting during assembly 



Lockwosh’r 


Machine screw 


Fig. 80b Representative assemblies, additional to those shown in Fig. 80a, of screw- 

machine parts molded info plastics 


no unusual production, difficulties. For the main part small metal 
inserts turned from brass stock answer most purposes. The 
manufacturer sometimes provides the custom molder with in¬ 
serts turned from his own automatic screw machines, an economy 
often observed, inasmuch as the custom molder may not be as 
efficiently tooled up for production work of this nature. When 
large quantities are involved, transportation charges from manu¬ 
facturer to molder are reduced per unit piece, and do not add 
appreciably to the cost of the final product. Whether the molder 
or manufacturer machines the inserts, the manufacturer prepares 
the drawings for the pieces so that there will be no misunder¬ 
standing about the parts that are to be attached thereto. 

Attachment of Inserts: Four general methods of attaching 
small metal inserts to molded parts are as follows: 
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1. Piece is placed in molded preforms. The preform is the mold¬ 
ing material cold-pressed to the shape of the cavity 

2. Insert is positioned in the mold cavity, preferably parallel to 
direction of molding pressure. This may be done manually 
or by special insert locating fixtures placed in the press 

3. Insert is pressed into a molded hole after piece has been re¬ 
moved from the mold and is still hot 

4. Molded piece is drilled and insert pressed into position. 


The first two methods are used most widely in the attach¬ 
ment of inserts to molded parts, the actual anchorage taking 
place during the molding operation when the resin has an oppor¬ 
tunity to flow and fill knurls and external undercuts. Inserts 
are added manually to the mold after the cavities are cleaned in 
preparation for the next operation. If the insert is to protrude 
beyond the molded piece into the mold itself round pieces are 
preferred, as machining operations for a hexagonal or square open¬ 
ing in a mold for an insert are more involved than a straight 
drilling operation for a circular piece. Additional sections to the 
mold sometimes are required for holding noncircular pieces. There 
is an advantage to the locating of small inserts by mold pins or 
by the insert body itself, in that the spacing between inserts is 
held accurately in the mold. As already pointed out, shrmkage 
of the molded piece upon cooling outside of the mold may a e 
these dimensions. However, removal of the piece from the mold 
and placing it upon slightly tapered sizing studs, will insure gre 


accuracy in dimensions. ^ 

Horizontal inserts offer special problems to the molding 

operations. When used in direct compression molding they are 
subject to distortion in the mold cavity or their supporting pms 
experience severe shearing forces due to the pronounced pres¬ 
sure gradient upon the molding material, when the force en ers 
the mold cavity. These problems are not so serious ® 

molding where the material is forced into a cavity ’ 

and simple locating plates and pins may be used to support hon 
zontal or oblique inserts. Generally, these molds are of the spht 
cavity type. Transfer molds are well suited to handling com- 

plicated inserts such as those shown in Fig. 81 , . ., . 

Symmetrically shaped inserts, when placed so that their 2 

axes are parallel to the direction of pressure g^dient mil not 

give much difficulty in compression molding. When inse 
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located at the top of the molded piece, they may be attached to 
the descending force or plunger pin. This is also a convenient 
way of attaching thread forming rings in compression mold design. 

A striking example of a group of multiple inserts is the 
molded commutator illustrated in Fig. 82. Commutator bars may 
be supported individually or a continuous copper ring may be 
molded into position, and the slots cut into position in a separate 
milling operation after molding. Transfer molds are readily 

adapted to the molding of small commutators as they will cause 
a minimum of distortion upon inserts. 



F/g. 87 Copper strips and fiber inserts ore utilized in this 

transfer-molded piece 

The use of injection molds or transfer molds is valuable par¬ 
ticularly in molding about large or complicated inserts. Ther¬ 
moplastic materials have met with particular success, most notable 
IS 18 ounces of cellulose plastic about a steel core for an au¬ 
tomobile steering wheel—on a production basis. Wood, metal, 
and glass members similarly have comprised the bulk of inserts 
for injection molding. The bezel of cellulose plastic molded about 
glass plates has involved an unusual and difficult technique, though 
ey now are being successfully molded. In some injection molds 
rubber vacuum cups can be used to hold glass inserts in position. 

njection and transfer methods have proved more satisfactory 
for unusual inserts. 

Long slender core pins should be avoided, inasmuch as pres¬ 
sures developed during compression molding tend to distort these 
pins appreciably if their length is twice the diameter or more 




PLASTICS IN ENGINEERING 





pins also are broken during the closing of the mold, where pres 
sure gradients over small areas may be high. This applies no 
only to core pins but also to inserts which, if supported at one 
end, should be as short as is practical. Conditions are more av- 
orable for inserts during injection molding, where the pressure 
builds up more uniformly with the smoother flowing thermop ^ ic 
material. Too short an insert is not always desirable either, inas¬ 
much as there is too little molding material to 

piece. Against the case for inserts molded into place during the 

molding operation may be cited. 


1. Probable increase in the molding time cycle, 
extra handling of parts and positioning of mserts in 

2. Possible chasing of threads filled with molding 

3. Difficulty of maintaining exact tolerances between inserts. 


The final alternative for attaching parts to the molded piec 

is to mold undersize holes by core pins and use ' 

or mold through-holes and use rivets, eyelets, or ' 

for assembly purposes. In radio bases, the ends of the P S 
may be conveniently riveted over after insertion m molde ^ 

laminated pieces as shown in Fig. 83. ^ ^Care 

Let be exercised in riveting so as "ot to crack the mo^^ 
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plastic such as fabric-filled or cord-filled phenolic, or cellulose 
derivative may be specified. 

Plastics may be drilled and tapped, though in production such 
operations require high-speed tool steels or carbide tipped tools, 
as the tools get quite hot. The drilling and tapping of molded 
plastics may be necessary when a molder has a limited produc- 



PIN5 RIVETED ON 
WVOLDEO BASE FOR 
ASSE/WBLV 


RADIO TUBE BASE 


Fig, 83—Radio tube base, showing 

affachmenf of pins 


tion or does not wish to go to the expense of making the mold 
more complicated to introduce the coring pin or threaded stud. 
Holes may also be drilled in the plastic if there are critical toler¬ 
ances to be maintained between centers—tolerances smaller than 
those normally permitted in the design of molded parts. In fact. 

It would be a better practice to after-shrink the molded parts by 
baking, and then perform the drilling operation. 

While the inclusion of inserts in the mold is almost the uni¬ 
versal practice for compression, transfer, and injection molding, 
with cold-molding processes which shape the plastic through pres¬ 
sure alone, attachment or pressing in of inserts after molding is 
e desirable procedure. Parts are cured afterward by a separ- 
a e akmg m an oven. In the manufacture of kitchen cutlery 
the metal parts are pressed into drilled rods of cast phenolics 
heated in boiling water. In this way, strong, satisfactory assem- 
hes have been produced. However, the liquid resins may also 
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be cast about the metal inserts, if the latter have been given a 
lacquer coating to protect the plastic against contamination or 

guard them against the effect of any catalyst. 

Molding Considerations: A number of practical design sug¬ 
gestions, useful in molding about inserts, particularly screw- 

machine parts, are offered herewith: 


1 . 


2 . 


3. 


CLEANLINESS OF INSERT: All inserts should be thoroughly 

cleaned of any dirt or grease before assembling them in the 
mold. Under some circumstances sand-blasting may be justi¬ 
fied on the knurled portion to insure adequate seal and bond 
of the plastic to the metal, particularly if the insert estab¬ 
lishes a connection between an air-tight or pressure cham¬ 
ber and the atmosphere. 

Wall thickness About insert: Thickness of p 
about a metal insert depends upon many factors, including 
the thermal properties of the two materials, as well as the 
physical properties. A plastic with a low modulus of e 
ticity may, for example, be more satisfactory than a sb . 
Wgh modulus material, even though the ‘ormer may d^er 

steies whTcrwould otherwise develop between the pl^- 

tic and the metal. Representative wall ^ 

mended by the S.P.I. in their design standards for inse . 

are shown in Table L. nrimarilv 

FLOATING OF INSERT: In insert hold- 

the tendency for inserts to fioa ^ or i ^ controlled 

ine Pins may be quite pronounced. This may 


Table L 

SPI Recommendations for Material r,„„hesl 

Minimum Wall TMckneases Around Plato Roan nae 

’"- r '"“s 

Material o/oo 5/32 7/32 q/^2 

General-purpose phenolic . 'i/i6 1 

High-impact phenolic .• • •• ^ 1/4 1/2 

Cellulose acetate . ... ^,00 5/32 11/2 

Mineral-filled melamine. 3/16 k/ to 7/32 

Polystyrene . 3/32 J/J^ 

by several methods, which inciude the use of 
hLing pins (about 0.003-inch per iuch taper - 
the thread dimensions are up to size), ^ht P. 

tension pins are practical upon f ‘"“fa ' or a smaller 

shoulder which engages in the face of the mold, or 
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diameter locating pin to back up the rear of the insert and 
keep it in place (this will necessitate a hole through the 
plastic). In transfer molding, the tendency to float is less 
pronounced, particularly when the mold exerts a squeezing ac¬ 
tion upon the insert before the material is transferred into the 
cavity. 

4. THERMAL EXP.4NSI0N: Plastics have higher coefficients of 

expansion than most metal inserts, a factor which becomes 

more important as the size of the insert grows. Aluminum 

alloys have expansion coefficients nearest to the thermoset¬ 
ting plastics. 

Unequal thermal expansive coefficients may cause stresses 

in the molded materials, which would limit their usefulness. 

Further, after-shrinkage of the plastic while in service may 
lead to further complications. 

Molded phenolics are better in that respect, inasmuch as 
their coefficients more closely approach those for the metals. 
Large metal pieces have been molded inside of plastic parts 
with a preliminary coating of rubber, which tends to com¬ 
pensate for the difference in thermal coefficients of the metal 
and plastics. This procedure has been found satisfactory 
for large copper bus bar contacts molded into position. When 
the metal pieces attain sizable proportions as compared to 
the plastic present, it may be necessary to preheat them 

prior to placing them in the mold to avoid sudden chilling 
action. ^ 

5. Threads Free of Molding Compounds: By exercising the 
proper design precautions threaded inserts may be kept free 
of molding compound. When female threads are employed 
the molding composition will not enter, as long as the end of 
e msert that appears on the surface of the molded parts is 
flat and free of burrs, so that the bottom of the mold will 
form a good seal. On the other hand, male-threaded parts 
should protrude slightly, with a small shoulder seating in the 
mold cawty. Otherwise, if flush with the surface of the mold 
the molding composition may run down the threads during 
mo dmg. Removal of molding material from threads slows 
up operations and must be avoided. Otherwise, it will I 
necessary to chase the threaded inserts after molding. 


Miscelbneous Inserts: Among miscellaneous inserts, other 
M metals, which broaden engineering design possibilities, are 
fiber, glass and semicured molding board or laminated plasties 
ne signiflcance of the latter is apparent insofar as strengthen 

Wat concerned. Fiber has been of vafue in 

ahons where the molded piece is subjeet to arcing, minimising 
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the possibility of burning phenolic plastic composition, which is 
subject to carbonization and disintegration. Fiber inserts often 
will give good insulation and arc resistance to metal members, 

such as terminal contact points. 

Plastic bezels, of various sizes, have been injection molded 

about glass bases which are used as inserts. The bezels on shrink¬ 
age and cooling make a tight joint and simplify the problem of 
providing a smooth finish on the edge of the glass. An enter¬ 
prising manufacturer has been experimenting with the idea of 
actually molding in “sealed-in” compact condensers into the hous- 
ino-s of the small portable electric appliances. The purpose of 
the condenser is to reduce radio-frequency disturbances emanat¬ 
ing from the motor. Similar ingenious designs have appeared. 
It is a significant fact that the suggestions of molding about con¬ 
densers, glass and die castings have originated largely from design 
engineers, who have visualized the possibilities of plastics in their 

designs. 


Combined Metal and Molded Parts 

There are designs o£ metals and plastics in which the size 
and volume o£ metal inserts are comparable to the amount o 
molding material present. Much study is given to these com¬ 
binations to bring out the best qualities of both , 

noUcs molded by transfer molding methods and cellulose p astics 

molded by injection molding machines have been ^ 

these applications. Among the many design advantages accrui g 

from combinations of this nature are. 

Economy in the use of the plastic material means a saving m 

Metarreceives a heavy insulating coating molded directly at 

those locations where it is most needed article 

Corrosion resisting g® jc is made possible by 

Structural reinforcement of the plastic f 

the metal member. 

Plastic materials are comparatively costly “"tpared 

on a pound ba^s with metal have been 

sheet metal stampings, die-castings and w , Wooden 

used to supplant heavy sections of molding m 


1 . 


2 , 


3. 

4. 
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cores require special preparation in that they must be thoroughly 
dried and contain no moisture. For the greater part, the applica¬ 
tion of plastic materials over wooden or metal cores is conducted 
by injection molding operations, and generally with thermoplastic 
materials. Considerable attention continues to be given to the 
development of molding cellulose plastics over metal cores, for 
automobile handles. The advantages from a strength, appearance, 
and durability standpoint are obvious. 


The trend toward the use of die-castings, particularly zinc 
castings about which are molded various plastics is pronounced. 
Refrigerator handles, temperature-control knobs, and bezels of 
recent designs have been injection molded to a depth of 1/16 to 
1/8-inch. Not only is an attractive appearing design produced, 
available in many colors, but a piece more pleasant to the touch 
of the hand also results. Die castings and plastics have a large 
field of application in the automotive industry. Automobile door 


handles are but one example where a saving in numerous opera¬ 
tions has been effected through the use of molded plastics. In¬ 
jection molding transforms a rough casting to a finished article, 
whereas in the past, as many as a dozen steps were required to 
bring the handle to final form. Similar applications are possible 
with other automotive parts. Another significant example of die- 
castings and molded parts is an electrical cutout used on a single¬ 
phase motor to cut out starting resistances as the motor comes 
up to speed. The die-casting and a molded part are designed as 
one unit. Insulation protection and simplicity are the keynotes 
of this design. Small portable motor-driven tools use molded 
plastics in their drive mechanisms for insulating the driven head 
parts from the armature shaft. This is an excellent safe guard 

particularly if the driven part touches the human body as in case 
ot hair clipping machines. 

Examples of large metal inserts in molded parts for en- 
pneenng designs are numerous. Many mechanical advantages ac¬ 
crue from this practice, particularly as shown in Pig. Si by the 
^e-castiug, about which is molded phenolic plastics. The U-shaped 

a^frelTf th" ! ~ 

ble feel of the plastic is augmented mechanically by the lar^e 
metal core. Another example is a connection for a beer numn 
me. Molded In a transfer mold, two large pipe pClemS 
and two electrical terminals are joined into a composite unit. 
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In some molded parts there may be more metal than there 
is plastic. No better example exists than a shielded spark plug, 
in which a protective coating for the ignition cable is molded 
directly into the shielding encasement from two directions. This 
unit likewise was produced in an injection or transfer type of 
mold Precautions must be taken to secure the metal members 
with* respect to the molded plastic. Knurls, undercut surfaces, 
and holes often are used to advantage for this procedure. 




. 84-U.shop.d drawer pull wUh dJe-cosf 
die; and (lower view) metal Inlay molded in handle 


Among other units wherein molded plasto 

the design features of metal pieces are t e an 

® _niflRtics bind tne vuui 

hand tools. 


Itures Ol metcxi , 

hand tools, infection molded ce.lul^e 
tightly and give an attractive handk wi h a st 


tightly and give an atiidi-tivc j „np iniec- 

A large quantity of handles are ^"riv^ hive 

tion operation. In similar assemb le , ^ 

been cemented on as handles for drills, chisels, ii , 

assortment of small hand tools. These h**™ offering a 

ioLortable grip to the user. C"-" 

outstanding as handles for hand tools. Fig. 85, tn y 
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Fig. 85 Plastic handlo of this saw has smooth suHace, low heat conductivity and 

being fough, will wifhstoncl rough freafmenf 


furnished the tool itself, as for example in the manufacture of 

ammer heads. Hammer heads of plasticized polyvinyl acetal 

ave proved quite useful for many operations where quietness 

and non-sparking qualities were desired, and severe denting of 
sheet metal was to be avoided. 

In the field of plumbing fixtures, plastic and metal combina¬ 
tions have been outstanding, the most efficient design generally 
resulting from a combination of the two basic materials For 
example, attractive, colorful plastic handles for faucets will cap¬ 
ture the public fancy, offering the functional advantages of free¬ 
dom from tarnishing, comfort to the touch in spite of hot water 
and adaptation to color schemes prevailing in the modern bath- 
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room and kitchen. On the other hand, considerable ‘orqu® ^d 
twisting ot the valve stem may occur during the lUe o£ the unit 
in whieh case a metal body may be preferred for its mechamca 
durability. Inside of the valve, a laminated " " 

facing wiU provide a ^t the end of 

the valve could be in plastic, but most 

show a preference for a metal fitting on whieh they could lean 

heavily’ at the time of installation. 

During the Second World War, the shortages of brass and 

bronze led to the adoption of floats and fittings o P ^ 
construction of toilet flushing facilities. From ^ 

^rr^ior Toilet seats of wood faced with thin sheets of ther¬ 
moplastic; or seats molded entirely of plastic have been produced 


in large quantities. 



Fig. e6—Some 


of OHOCMOS 
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Considerable interest has been focused upon conduits and 
pipes of plastics, as well as junction boxes for the attachment 
of the conduit. Compared to metal they are at a disadvantage 
at the time of assembly with heavy pipe wrenches, though smaller 
units may be readily sealed or heat welded together. From the 
standpoint of corrosion resistance, they offer good service. Their 
low thermal conductivity would mean less tendency to freeze in 
cold weather. However, they would suffer more in hot weather 
or in the presence of hot fluids. While thirsty rodents will at¬ 
tack pipes of all description in which water has been flowing, they 
would more readily chew through a plastic than metal pipe. In 
electrical conduit, the plastic pipe would have to be of a non¬ 
burning variety such as polyvinylidene chloride (“Saran”). 

At present, plastic pipes and conduits appear best suited un¬ 
der the following conditions: 

1. Lnusual cross-sections other than simple round shapes 

Handling of highly corrosive acids or alkalies (acid-resisting 
phenolics) 

«>. Flexible conduit for handling wide variety of organic chemi¬ 
cals (polyvinylidene chloride, polyvinyl chloride and polyvinyl 
alcohol, for example) 

4. Airtight connections such as are provided by heat sealing. 

5. Permanent flexibility—particularly under outdoor conditions. 

In the preparation of numerous instruments, machines, and 
household articles, it generally is necessary to provide means of 
attaching plastic molded feet on a metal stamping or panel. Be¬ 
cause this problem is representative of so many other equivalent 
machine design problems, some additional methods of assembly 
are noted in Fxg. 86. With the development of practical, high- 
strength plastic-to-metal adhesives, this method of fastening 

should also be considered when the projection of a rivet head or 
screw may be objectionable. 


Thermal Expansion Considerations 

Differences in the heat conductivity of metals and plastics 
and differences in the thermal expansion coefficients are the 
basic problems which the designer must consider in everv com 
Dination of plastic with metal. The essence of these problems 
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were discussed in the chapter on the thermal properties of plastics, 
where the expansion coefficients and heat conductivity ratings were 
compared. It was also pointed out that while the average plastic 
expands 2 to 5 times as much as the average metal, stress failures 
are more apt to occur due to the much higher heating rate of the 

metal, which always is the first to reach a high temperature or the 

□ 

first to cool. 

Nevertheless when heating or cooling do not take place too 
rapidly, it is possible to match the expansion and contraction of 
metals and plastics. Aluminum alloys are available with the same 
expansion coefficients as plastics (phenolics), and stresses due to 
thermal differences may be held to a minimum. In the manu¬ 
facture of plastic templates which are pressed on flat engraved 
metal plates, the author has found that greater accuracy may be 
maintained when almninum alloy sheet, rather than brass sheet, 
is engraved and heated simultaneously with the plastic. The plas¬ 
tic sheet pressed into the aluminum alloy sheet will hold dimen¬ 
sions more accurately. This problem is quite important in the manu¬ 
facture of precision scales and protractors, and the tools for them. 

In designing metal and plastic combinations there are several 
design procedures which may be followed to advantage: 

1. Design as large a heat-radiating surface as possible on the 
metal insert in order to reduce its temperature and t e 

amoimt of heat it will transmit 

2. Apply a thin coat of rubber or its equivalent upon the out¬ 
side of the metal insert . . * v.^ 

3. If the metal insert is a long, continuous strip ^ is o 
bonded to the plastic along its entire length, divide at fre¬ 
quent intervals, say every inch, or introduce expansion joints 

at frequent intervals 

4. introduce about the insert at the time of ^ 

of asbestos-filled phenolic which not only 
temperatures, but which will conduct heat mor ^ 

reduce the temperature gradient at the meta inse ^ 

5 If the metal component is a long continuous s 

“„«nuously to L plaotlc, employ overside “t^thment h„,« 
calculated on the basis of the relative expansion between the 

6. Affow^mnple wall thickness about the insert 

with ribs The ribs not only stiffen the part, but 
absence of flow or weld marks which would weaken t e p as- 

tics considerably. 
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Inlays 

Metal inlays on plastics have wide decorative appeal, aug¬ 
menting the appearance of plastic parts* Particularly attractive 
are lightly colored inlays placed in dark backgrounds. During 
molding the resin flows and forms a thin, continuous film over 
the inlay, or adjusts itself so that the inlay and the surface of 
the molded plastic piece are on the same plane with no line of 
demarcation. Outside of the mere decorative applications, some 
manufacturers have found molded inlays an aid to identifying sym¬ 
bols on their products. The use of ‘‘Hot^* and ^^Cold*’ inlay stampings 
on molded faucet handles has been suggested, inasmuch as the same 
mold could be used for both handles requiring only the change 
of inlays. Decorative buttons and knobs with molded initials of 
metal inlays, have been manufactured on a large scale with suc¬ 
cess, as have been dresserware, ash trays, advertising panels, and 
clock cases. One attractive piece molded with a metal inlay for 
use in a refrigerator is shown in Fig. 87. The metal inlay shown 



F/g. 87 —An unusual example 
of mefal inlays on plastics 


IS a thin sheet metal stamping. While an extra die cost is en- 

taded for punching out the design detail, the improved, durable 
pattern uill always be readily identified. 

Special methods for holding the metal inlays during mold¬ 
ing operations are essential. Stampings are subject to displace- 
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merit from their original positions, causing a high rate of re¬ 
jects. Small, short pins placed in the bottom of the mold cavity 
may be used to engage small holes in the decorative motif of 
the metal inlays, for protection against displacement. When a 
group of letters is required as in some tradename or advertis¬ 
ing expression, the phrase may be punched out in a smgle stamp¬ 
ing with connections between letters and held in position by two 
or three locating pins rather than a single pin for each letter. 

To insure anchorage of the metal inlay stamping to the 
molded piece, it is good practice to face the burr side of the stamp¬ 
ing in toward the molded part. This will give the resin binder a 
better gripping surface and avoid unnecessary displacement. Sand 
XstinI Z underside or turning down small lugs into the molded 

piece also may serve to secure the inlay. 

When inlays are applied to large surfaces where there niay 

be bending stresses, there is a possibility of cracking the thin 
resin film over the metal inlay. Such difficulties are not easy 



the solution lies in strengthening the part by in 


to dovetail out. aiiu 
A secure attachment is att£ 
be exercised with the more 


ined in this manner, though care must 
brittle thermosetting plastics to avoid 
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chipping or cracking of the edges. Handles and control levers of 

various description are prepared in this manner. As the Chilton 

process is protected by patents, various molders have been licensed 

to do the work. On a production basis, the costs for stamping 

out inlays and pressing them in place vary from one to several 
cents apiece. 

Other methods may be specified for the production of metal 
inlays. They have been applied to cast phenolic plastics, under 
the application of heat and pressure, the inlay imbedding itself 





88—f/op fo boffom) Chtlfon 
mefhod for oftaching mefat inlays 

in plastics 





a short distance in the resin leaving a continuous surface of resin 
and metal flush together. Laminated phenolic plastics have had 
inlays put into place in a similar manner, with the exception that the 
laminated material was not fully cured before final pressing Thin 
translucent or transparent sheets of cellulosic materials also have 
een used to laminate metal strips to cellulose plastic bases, the 
thin transparent sheet being pressed directly over the inlay. 

Among other molded designs that have lent themselves easily 
metal inlays are cyhndncal, chromium-plated bands on rounded 

shapes, where the ring may fit easly into position in the mold 
cant> v^^thout danger of displacement. Attractive effects also 
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have been obtained on molded cellulose plastic fountain pen 

rels with metal inlaid by the Chilton process. 

Branding cellulose plastics, cast phenolics, and thermosetting 

^nateril, widely used method lor applying a t-dema^ or 

deeoratlon on the surface. As ‘“e “ame m.^tes 

2 ptecei in a fixture and pressed against a hot ^e ^^mes 
made of hard brass to Increase the beat y eolor 

or decoration may oe micu. in much 

from the molded , ^Vp^ss facilitating the operations 

or brand that is added outside of squiring 

pian, particularly where several mark g an 

Lly different branding dies for each. Higher tempera 

aid to branding phenolic plastics. acetate plastics 

• ^rkS^moMe^ptesticTwith designs or instructtons. 

IS common in marking moio ^ ^^nosure meter, for example, 

A “““'b a %-inch diameter periphery neatiy 

^ief iT auThSr in —" itTg 

about a smaU molded , ^ reduced the production cost for a 

the split cavity former y ' lend themselves 

piece by more than one- a . prepared to use them 

to these methods but is particuiarly 

for lowering mold and unit materials 

adapted to hat nn the 

The effect of f resistance and resistance 

thickness of the deposited m . _ plated articles 

to vapors are improved apprecia y-^ ^^11111 special 

not only have a wide decorat ve surface upon the 

engineering requirements w ere a _ _ ^ electronic hard- 

plStic appears desirable. Various ^j^^tics. In the 

ware have made extensive use of plastics, the au- 

development of electroplated metal coating 

thor has found that a -ll-dep^^^^^^^ ,f 

Toldirg^operlSon. Adhesion 

:^^h “ u7hi:sS:rorer-o:^ e,eaL.. 
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Metal Plating 

Metal plating on plastics has been conducted with a high de¬ 
gree of success. One outstanding applicatidn has been the honor¬ 
able discharge pins of service men, which have been molded of 
plastics and electroplated over with gold. The electroplating of 
plastics involves the fundamental problems of rendering the sur¬ 
face of the plastic conductive to the passage of electricity. One 
method is to apply a stannous chloride solution, followed by a 
deposition of a thin continuous silver film, conducive to further 
plating operations. Another technique involves a conductive col¬ 
loidal graphite coating, which is followed by electroplating. Metal 

powders burnished on the surface have also worked successfully 
as conductive coatings. 


Self-Tapping Screws 

Plastics are not always molded with metal inserts. For many 
designs, other means must be provided to facilitate assembly. 
Hardened self-tapping screws have been one answer to this prob¬ 
lem. In some applications they have been proposed as substitutes 
for brass screw-machine inserts. Self-tapping screws form in- 
emal threads as they cut through proper-sized holes in the 
p asUc material. Core pins in the mold provide holes of proper 
^ameter for a given screw. Firm contact of the threaded mem¬ 
bers IS obtained, giving adequate holding power and good resist¬ 
ance to vibration which might tend to loosen the screw. The self¬ 
tapping scraws are removable, and capable of reassembly without 
appreciable loss of the security of attachment. Small self-locking 

nuts sometimes are used in the assembly of plastic parts with 
Standard screws. 

advantages 

from the standpomt of simplicity of handling and easy location 
piecTu tof rr**’ ”>ay rednce costs of unit 

excessively. When loading operations on multiple-cavity molds 

possibihty that external attachment screws may expedite nro 

are d°"l' a aPaews are drive screws wLb 

designed primarily for permanent assemblies and are not eiily 



288 


PLASTICS IN ENGINEERING 


withdrawn from an assembled article. 


withdrawn trom an Tapping 

molded plastics is slow and costly, and does not give as 
a iob as self-tapping screws or metallic drive screws. Against the 

Of Zped holes in the plastic -teria's s.^- 

Tougl. more costly self-tapping or metallic-drive screws. A sum- 
mary of the methods of attachment includes: 

1 Drilling a hole completely through the piece and using a 
. :^;"£T:L"rrarrl"^^ a machine screw 

t SI accompanied hy 

self-locking speed nuts 
5. Use of strong, gap-filling adhesives. 

The first method may be in^Tome SLmblies. 

standpoint, though it may be leas ^ ^ fabric-base 

Tapping threads in fibrous " as threads 

laminated plastics does Provided sufficient thickness of 

may be weak and * connections are obtained through 

material exists ^^"^^^rews Connections of this descrip- 

the medium of self-tapping • panels, clock hous- 

tion have appeared on teririin enlates Difficulties are 

ing assemblies, knobs -^T^more 

encountered, however, for prominence in dozens of assem- 

speed huts ha™ ^bout some plastic 

blies of plastic parts. i-„rdened spring steel are quickly as- 

stud, speed nuts formed o ^ ^ ^ly under a certain amount 

sembled. serving to nature compensate for 

of spring tension. Attachments oa 

creep in the plastics. 


Chapter XI 

Characteristics and Preparation of Molding Compounds 



Of fundamental interest to all engineers are the phenomena 
which take place during the hot molding of plastics. Thermo¬ 
setting plastics are particularly intriguing because of the complete 
physical and chemical changes which take place in the materials 
at the time of molding. The manufacturers of materials bring 
the thermosetting molding compounds up to a stage of polymeriza- 
tion which requires only the application of heat and pressure from 
the molds to convert them into useful articles. In this heat-re¬ 
active stage the compounds are susceptible to many influences 
which can affect their molding qualities, and proper care must 
be exercised to obtain the optimum molding performance. A brief 
review of the many factors which influence the molding proper¬ 
ties of the materials will throw some light on the phenomena in¬ 
volved. 

Thermoplastic molding compositions of cellulose acetate 

methyl methacrylate, polystyrene, ethyl cellulose, etc., do not ex- 

penence the profound changes of the phenolic and urea compo- 

si ions during molding. Nevertheless, these materials may not be 

handled promiscuously if good molding and good properties are to 

^ obtained. Thermoplastics are essentially in their polymerized 

form when the custom molder receives them, though the presence 

of plasticizers or monomeric forms of the resin are necessary to 
insure adequate flow during molding. 


tb. mportanee to custom molders is the time of 

the molding cycle. While the selection of molding materials I 
contingent pnmarily upon the properties desired in the final ar 
tides the behavior of the compounds during molding must be an’ 
alyzed m order to ascertain materials and conditions for an on 
mum cycle. As will be brought out later in the chapter thl 
molder IS in a position to improve upon the efficiency of bis mold 

foL'' preparation such as pre- 

forming and preheating. P 6 
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Physical Forms of Molding Compounds 

Molding compounds are prepared m a 
forms, the selection of which often are -Jependent upon t 

ods in which they are to be handled. .. i„ the following 

gather with a short description of each, appear in the following 

"“d^rs: The phenolic, urea, and —e “d^hyde 

““T cr^:"aTm:nernt:ge Crpahle of passing 

rnCmrscr^, tho£ - 

Size. From the ^ machines or automatic presses, 

coarse granules are 12-mesh screen, though this 

are ground to P^®^ cord-reinforced compositions, 

does not app y o ^ thermoplastic molding compounds 

Granules: The ^ form. For molding purposes 

are not easily reduce P tVipv feed more easily on in- 

the granules are “ f7.,^„tlerare as large as 

jection and mitrusion mac me^ cellulose derivatives 

3/16 to 1/4 uaeh. 1“ y cubes, die-cut to the cor- 

are available almost m P . polj-merizatlon of styrene or 
reot size. Durmg e , h„igs or spheres have been formed, 
methyl !”f g^e of feeding the machines, though 

which also are siu nhtained if required. 

finely divided sphere^ay he ^ Resin-impregnat^ sheets of 

Resin-Impregnated Sheets. crened paper are popu- 

paper fiber or while limited in fiow, they 

lar in ”g'^“g^kedly to the strength of thin-walled 

objects or at points of severe ® gow during moiang. 

sheets also have instrument cases are a few 

Trays, refrigerator door strips, 

of the many examples. Tst^^rn wet slurries of 

Resin-Impregnated Pulp employed to pick up 

resin and pulp fibers, ^acu^ sc^^h approximate the mold di¬ 
resin and pulp pads or pre promises to be a very im- 

mensions. Thi^s oldfng^ar^’ contoured articles, as very strong 
portant one when molding large con 

and durable moldings are obtained. 
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Best results are obtained upon phenolic resin-impregnated 
pulp preforms with beater-dispersed resins. Under these condi¬ 
tions the resin is adsorbed upon the surface of fiber rather than 

into the material. In consequence very much higher impact, ten- 
silo, Hnd flexural strengths arc realized. 

Pads of Kesin-In.pregnated Fibers: Pads of phenolic resin- 
impregnated sisal, cotton, or glass fibers have served the molding 
industry. High impact strength and low molding pressures gen¬ 
erally characterize these de\a lopments. From droppable fuel tanks 

to handles lor instruments these compounds have shown their 
versatilitv. 

Molding Blanks: In compression molding of thermoplastics, 

particularly where largo flat areas are involved, sheets of ther- 

moplasUc molding comi:ound may be die cut to the appro.ximattj 

mold size. This will reduce the time of molding and insure an 

adequate, uniform distribution of material about the die. These 

sheets, however, are appreciably' more costly than the molding 

granules or powders. Represt'ntative material co.sts are given at 
the end of the book. 


Behavior of Thermosetting Compounds 
During Compression Molding 


When a thermosetting material is introduced into the mold 
cavity and the mold halves close together, several factors deter¬ 
mine the rate at which the material is brought up to the molding 

temperature; ® 


1. Temperature of material when 

2. Bulk factor of the material 

3. Thermal constants of material 
eifle heat) 


it is introduced into the mold 
(thermal conducti\ity and spe- 


4. Rate at which the molds are closed 

f of material 

^ mold*"^ temperature (average) throughout surfaces of the 


eratifr, I <:ont>-onable for .a particular op- 

0 ^ 1 , T * ■noMlng tem¬ 

perature. The others depend upon the design and the composl 

on selected. While it is true that *he rate of closing the Lid 
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may be reduced if the material is preheated, the fundamenUl 

LLrs determining the rate of closing depend ^^r 

of the design, inserts employed, the reactivity of the P"t‘c 
molding compound, and resistance of the compoun 

Undirapplication of heat and pressure, 
polymerisation proceeds gh^l “ polymers 

which constitute the final molded p^duet. ^The^^ 

terial during this and reproducing the designs, 

of flowing to all parts jbe mold^ 

However, as P“'^®;‘“^^Xa point is reached when the material 

dritr^fs^eh that continued application of heat and 
takes a serve to further the polj-mensation and the 

degree of infusibmty f ® "aryT dlX the optimum 

a further curing period is necessary xo 

physical and chemical properties. thermosetting 

wVlilP the basic phenomena in the molding oi xnei 

Tni<? mav be explained in terms of polymerization an mo 
rare^nfigurations, it is the practice 

examine molding compounds by /“;Tud the time 

the amount °f P*®®*;® ^ properties not only depend upon indi- 

rra -Itir aJon; th! nL^S compound. - they^a.o^^ 

dependent^pon m^tog ,bown and a thermo- 

ture. In Fig. sa ^ ^ thermoplastic compound. It 

setting cotnPO^djn ®“”P^^ ^ thermosetting compound 

will be noted that t though once cross-Unking begins to 

may in fact be quite high ttou^^ 

take place the ma c"® material is cured further untU the op- 
Tl XfeeWcaTr-perties are developed. 

Evalnation of ” Cerent pressures, at different 

teristics should be intervals of time. At least one 

temperatures, and for diff _ (ASTM D-569 “Flow Tern- 

method h^ Molding Compounds"), where a ?s-mch 

Perform of molding compound is placed under constant 
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r,g. 89-Relaf!onsh!ps between fime, femperafure and pressure in fh. u- 

thermoseHing and thermoplastic compounds 
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pressure derived from a series of dead weights, and the flow traced 
Lough a constant Vs-inch diameter. 

ASTM flow temperature for thermoplastic ma chart) 

LL r material flows one inch in two minutes ^ Pres^ 

sure of 1500 psi. Flow temperatures vary from 250 to 350 F 

for most thermoplastics. s-v,a<a h^en 

In molding thermosetting compounds no LThenoUc 

standardised upon as yet, though a majonty of the phe 

materials manufacturers base recommendations 

tained in units such as the ASTM split-cone abou; 

examining flowabllity at different pressures ^^flce 

TeoL^rtheLn air. where “ht o' ^ 

at different tlm^" ^ L"ltiL of how 

the use o a close in a 

T^h rme inte^l Cup flow tests are preferred for ureas where- 
stated time interva . P ^ partial molding pressure, and 

by the molding materia g followed by Anal full mold- 

then held for various cup or" ^ " 

ing pressure. Examination of the cup 

additional data on the flow propertm^ toportant influences upon 

Temperature is one of the example a woodflour¬ 
molding properties 300 F would cure in about 

filled phenolic composition molded at 300 F wo 

one-half the when molded at ^ ^ 

critical, as cure time at 290 molded at temperatures 

fact, ureas and melamines of both ureas 

over 320 F as they may cure thnuah in a different man- 

and phenolics are a«-ted f 

ner. Excessive j flowability. On the other hand, 

feet a premature cure composition will reduce the 

amount of flow. This i-ve^ 

phenolic compounds. Cure to chapter, 

preheating, as will be btoght compositions with 

It U highly *“ aL ^ 

fast rates of cure and rio p^u-e phenol-fomalde- 

to be reproduced and th of hardening agents pro- 

hyde resin with appropnate amounts o 
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viding a surplus of methylene groups will cure quite rapidly. 
On the other hand, the inclusion of cresols and xylenols will slow 
cure down appreciably. There are not many true plasticizers 
for the thermosetting phenolic compositions, except perhaps cer¬ 
tain derivatives of cashew nut shell hquid such as cardanol, which 
is a form of phenol. Practically all the plasticizers may exercise 
a temporary benefit in promoting a greater rate of flow at the 
time of molding, though their presence does not necessarily con¬ 
tribute to any toughening of the final molded product. Among 
the ureas, various flow agents have been developed to prolong the 

flow, particularly for large moldings where slow mold closing time 
is essential. 

Influence of Design: It usually is necessary to experiment 
with molding compositions before entering production, to deter¬ 
mine the optimum mold temperature and sometimes the best suited 
of several available compositions for a particular design. Large 
machine housings, for example, will require compounds with a 
long duration of flow and extent of flow so that the materials 
will flow satisfactorily to every part of the mold. Smaller ar¬ 
ticles, which are relatively simple in design and shallow in depth, 
may require a good average flow and a rapid setting time for eco¬ 
nomical production. Plunger molding techniques afford effec¬ 
tive means of decreasing the cure time for quite a variety of small 
articles. 

Temperature gradients may exist from the steam ports to 
extremities of the mold construction, and pressure gradients will 
depend upon the disposition of preforms or powder with respect 
to the force plugs. This is borne out by evidence of variation in 
mechanical properties and nonuniform density in molded articles. 
Though not always attained, it is desirable that at some stage 
of plastic molding, all the molding material be under flow at the 
same time, thus tending to distribute stresses more evenly. The 
influence of the individual design upon the heat transfer rate can¬ 
not be under-rated, because the flow and distribution of molding 

material is a function of the mold surface areas, their tempera¬ 
tures, and molding pressure. 

The minimum curing time of any one thermosetting mold¬ 
ing composition under certain conditions of pressure and tern- 
perature, is that time required to bring about practical comple¬ 
tion of the chemical reactions, such that further applications of 
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heat and pressure to the molded piece would he inconsequential 
in the improvement of physical properties, infusibility and insolu¬ 
bility. Stated in another manner, the minimum curing period is 
that time necessary to give the thermosetting material its nomi¬ 
nal physical and thermal properties and resistance to chemicals. 
The curing period for thermosetting plastics extends beyond that 
time when the material ceases to flow under pressure in the mold¬ 


ing dies. , 

Various indices for indicating the minimum cure are through 

acetone extract test methods, whereby the amount of soluble. 
Stage B resins is determined by adding a portion of a pulverize 
molded piece to the solvent, and measuring loss ™ w«>Sht o£ 
molded piece. Another criterion is the appearance of thsters re- 
suiting from the internal gas pressure. When the ® 

compound has been molded such that the surface >s 
rigid and will not give way under internal gas pressure and blister, 

adequate cure has been realized. 

Certain slow molding compositions with a relatively arge 

moisture content wiil require long periods of cure. ^ ^ 

uneconomical to carry the cure for too great a period, 

is a possibility of burning the piece. This is one reason w y _ 

variance In wall thickness of the molded piece is a po 

feature as sufficient cure for a thick section may 4 .- -t. , 

cure for a thin portion. Because of the low 

of plastic materials, thick sections (in excess of “ 

not be molded at too high a temperature to 

of the surface during the time lag in heating ^ 

innermost sections. Hence the curing time is greatty ^ 

except when some of the more recent methods of high-frequen y 

and high-humidity preheating are employed. 

A rapid test for evaluating the cure of small sections o 

molded phenolic or urea molding compounds jh 

a punch and die mounted upon an arbor press. Pune g 

may be readily plotted as a function qf the ^ 

cussing variables influencing the P™Perties P 

was examined in the chapter on p y®* thereby the molded 

parts are immersed for 10 minutes If ' sufficient ex- 

nite indication that they have not been cured to 

tent. 
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Behavior of Thermoplastic Molding Compounds 

Thermoplastic molding compounds involve molding problems 
differing appreciably from those of the thermosetting materials. 
Fully polymerized when received by the molder, they are not as 
critical in their temperature and time during hot molding. 

Most thermoplastic materials may be molded by injection and 
extrusion techniques. There is a limit, however, on the time they 
may be safely kept at molding temperatures, because of tendency 
for plasticizer separation to occur or because of changes or loss 
of low molecular weight fractions due to some decomposition. 
Successful injection molding and extrusion at temperatures vary¬ 
ing from 350 to 450 F depend upon continuous flow and move¬ 
ment of the material through the plasticizing chamber of the mold¬ 
ing machine. The setting or hardening of the thermoplastic com¬ 
pounds takes place in the mold due to the cooling action of the 
mold surfaces. Mold temperatures usually are kept close to room 
temperature by cooling water, though some materials such as 
polyvinylidene chloride are best molded into molds near 200 F. 
This arises from the fact that Saran, if chilled too quickly re* 
tains its soft, amorphous state, whereas at temperatures of 160- 

200 F, it recrystallizes to a hard consistency, capable of being 
safely ejected from the molds. 

The high temperatures for plasticizing the materials may in¬ 
troduce special problems for the injection molding machines. For 
example, materials such as polystyrene acquire such low viscosity 
as to require close-fitting injection plungers and cooling means 
to prevent any backing up of the molding material toward the 
hopper. Polyamides, in particular, offer difficulty. They are 
molded at temperatures from 510 to 550 F and require a special 
valving at the nozzle of the injection molding machine to pre¬ 
vent excess loss between cycles. Other materials such as the 
chlorinated polyvinyl copolymers require corrosion resisting steels 
for the plasticizing chambers, otherwise hydrochloric acid formed 
from decomposition products may corrode the heating chamber. 


Preforming of Molding Compositions 


Molding may be conducted economically and 
rapid rate when the molding charge has been 


at a much more 
correctly ascer- 



298 


PLASTICS IN ENGINEERING 


tained prior to introducing it into the mold cavity. When ther¬ 
mosetting compounds are employed, excess flash represents so 
much wasted material, whereas with thermoplastic types, the ma¬ 
terial may be re-used if not contaminated or burnt. The care¬ 
ful accurate weighing of the charge is essential to avoid wastage 
of material in .the flash or an undercharge. The effects of an 
undercharge are displayed usually in an incompleted molded ar¬ 
ticle or mechanical weakness in the molded part. 

Experience of custom molders is that considerable savmgs 

may be effected by establishing accurate methods for measuring 
the correct charges for the mold cavities. Allowances for excess 
flash are about 5 per cent of the total charge, though through im¬ 
proper material preparation this may run even higher. When 
the amount of work being handled warrants extensive planning, 
it may be of advantage to have a separate department w ose 

sole function is to weigh out powder and count preforms. 

While powders may be economically employed in large single- 
cavity molds or in large flat castings where there is relatively 
little flow of material, there are many advantages accruing throug 



the use of tablets or preforms for multiple-cavity molds, 
forms are not only easier to handle than the bulk maters., --- 

also, as pointed out later, will simplify the of 

uring the mold charge accurately. Operators engaged in runmng 
the presses hnd it more convenient to count tablets and place them 
in loading trays or fixtures for filling the multiple mold ca^ 
at the start of a new molding cycle. However, in 

of tL nature of the material. To reduce the labor of wrtg^ 
out each charge, automatic weighing machines can effect econ- 

omies and insure uniform results. 

A further noteworthy distinction between molding powders 
and preforms or tablets is in the bulk factor of the nmtena, 
which is much higher for the powder. Bulk factor is defined as 

follows: 


Bulk Factor 



flash 


Specific gravity of molded piece 
Apparent specific gravity of powder 
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In Table LI of the next chapter are listed the bulk factors 
of various molding materials. Preforming or tableting reduces 
these values to about 1.5 to 2.5. This means, for example, 
that the loading cavity of a mold for a material with a bulk 
factor of 5 may be reduced by one-half, by preforming. In sum¬ 
marizing the advantages to be expected from tableting and pre¬ 
forming, there is the following: 

1. Bulk factor is reduced 

2. Depth of the mold is reduced because powders are more com¬ 
pressed 

3. Base of handling the molding charge by operator 

4. Thermal conductivity of compressed piece is better than loose 
powder 

5. More advantageous allocation of molding composition in mold, 

accompanied by improved flow. 

1 

Tableting: Tableting of molding powders is conducted usu¬ 
ally in automatic machines containing single or multiple-cavity 
molds. The powder is compressed to a tablet of known density 
and weight, with a diameter and depth suitable for the intended 
mold. The tableting operation is analogous to cold molding with¬ 
out adversely affecting the flowing or curing properties of the 
thermosetting materials. By having a tablet of known size and 
weight, handling of the loose charge is avoided and operations 
greatly simplified. The molds for preparing these tablets are 

not highly polished, full final finish being obtained on the molded 
piece in the regular production mold. 

Molds are charged with one or more of these tablets to at¬ 
tain the desired results, though powders sometimes are used in 
conjunction with tableting. Sometimes the material is made avail¬ 
able in pellet or pill form, for convenience in handling and ac¬ 
curacy of weight. Pellets are smaller than tablets and when be¬ 
ing charged into the mold a specified number are added. These 
as well as the tablets, are suited to miscellaneous mold forms in¬ 
stead of being designed for any type like the preforms described 
later. The weight tolerance for the mold charge is plus or minus 
the weight of the one pellet, and it is preferred to favor the 
plus and spill a Httle through the flash, rather than take a chance 

of rejection by undercharging a mold. Pellets in the form of small 
balls are easy to handle and to loa d. 
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Tableting methods are not suited to certain types of mold¬ 
ing powders which are limited in their capacity for preform¬ 
ing or tableting. Special reference is made to the long fiber as¬ 
bestos or mascerated fabric-filled thermosetting plastics. Their 
drawback occurs in their lack of ability to slide down the hop¬ 
per and feed shoe into the cavity. Pulverized wood-flour flllers, 
powdered mica fillers, and certain others are filled readily in the 
mold cavity. For long fibrous materials, it becomes necessary to 
weigh the molding compositions and introduce them into the 
mold in powdered or granular form. This is one of the reasons 
for the higher cost of these compounds and their molded pro - 
ucts. When the material becomes too fibrous to handle rapi y 
and economically in the tableting machine, the compositions are 
compressed by hand in cold-molding operations. This will re¬ 
duce the high bulk factor of such materials as canvas-filled p ^ 
nolle compositions, which may be as high as 8 to 10 to 1. Mo 
costs for handling this volume run high, and it is sounder eco - 
omy to preform, even though it is a hand operation. 

Where there are large quantities of fabric-filled mo 
pound to be tableted. special machines have been developed (Kux 

Machine Co.) for metering out and tableting these ® ^ 

rr.«Pbines are a new development and of more elaborate aesig 

Than the conventional single punch affair for general-purpose ma- 

of note are tableting operations upon urea plasUcs. 

Granular compounds are preferred to the the'preform¬ 

ing ureas, as they may be handled more ^alt 

The bulk factor of the granules is about one halt 

In tableting these ma- 


This prac- 


ing equipment. , . , . a a 

of that of the fine powder, which is 4.9. 

terials, the machines are housed In tel 

tice is followed in order to avoid contamination of lign P 

shades by dust and dirt of darker materials. 

, ’::rarrr-ricT rrerrx;;— 

lend themselves to the tableting p materials down the 

fibrous will not preform readily. 

TrTypes of m“L/ compounds are classified as follows: 

nTi Rutomatic tableting machine 
Class I—Readily preformed on automu 
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Class U—^Slniilar to Class I, except that special attention is 

given to the molding material to improve the feed 
Class III—May be tableted with difficulty, requiring special hop¬ 
pers and feeding de\ices 

Class IV—Will not feed, requiring the formation of tablets by 

hand. 


Among other factors w'hich will influence the firmness and 
soundness of the preform outside of the qualitj' of the molding 
material, is the size of the piece and the pressure applied. Lack 
of adequate density is manifested by preforms w’hich will crumble 
easily. This may be due to insufficient material fed to the die, 
or even compounds w’hich are cold, such as those new’ly received 
in winter shipments. Changes in the bulk factor of the material 

w’hich occur w'hen the fines tend to separate from the granules 
also cause difficulty. 

Preforming: Analogous to tableting operations, and per¬ 

formed in the same type of machinery, are the preforming op¬ 
erations upon molding compositions. This time, how'ever, pre¬ 
forms are shaped to suit a particular mold cavity or insert. A 
large tariet\ of knobs, buttons, dials, and miscellaneous small 
piec^ are prepared first in the form of preforms, which closely 
approximate the ultimate external dimensions. They generally are 
drsigne-d smaller in overall width to provide an easy fit, though 
thicker to provide adequate material to fill out the mold. Some¬ 
times, the preform may be supplemented advantageously by small 

pills or piellet.s which may be placed in deep recessies or about core 
pins which tend to distort during molding. 

Preform.s in the shape of rings have been well suited to the 

EimpUficaUon of molding operations upon long, horizontal cored 

pieces. The preform rings are slipped over the core pin and 

stacked to the proper width. Molding will unite the entire mass 

into one compact unit Square, tubular, miscellaneous geometric 

patterns of ever\’ description constitute the types of preforms 

available. Complicated shapes are avoided because they represent 

extra mold expense, and the shapes of preforms are confined to 
relatively simple forms. 

Volumtlric Loading: Volumetric determinations of molding 

M“M-n'olding eomposi- 
tiors. Matenals that do not Ublet are sometimes measured volu- 
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metrically. In cold-molding operations, the operators are fur¬ 
nished with a rake at the molding press with which they may 
reach into a hopper behind the press and fill up the mold cavity 
between cycles. The mold cavities are leveled off and volume 
determines the amount of charge. This inexpensive, though not- 
too-accurate method of obtaining cold-molded charges, leads to 
inaccuracies in the final dimensions parallel to line of “molding 
pressure Vertical dimensions are those most profoundly affecte 
by the inaccuracies of charging, particularly if an insufficient 

amount is employed. 

Eauipment: The machinery and equipment for the manu¬ 

facture of preforms and tablets for molded plastics fall into one 
of two clarifications of machines, both of which are shown In 

Figs. 90 and 91. 

1 Heavv-duty, single punch preforming machine. This press is 
best suited fo? large tablets, smaU production quantities, ^ecM shapes 

^seS«oTl>rve preform diameters up to 3 

r fill up to 2 inches. The molding pressures usually are 10 to 

tons, some units ty‘"prod^^^^ ^of sm^l tablets, a rotary 

2. For rapij the large number of punches 

press has been can turn out as many as 600 to 

and dies employed, the ry p convex-shaped pieces are molded 

800 tablets -^tierrSlnTuseVnuela^e teblet. A t^ioal 

rUrmT— Tdle «tor“s.‘ire rTt^- 

S:elsTwtTlarg“a:Sr are available with molding pressures up 
to 30 tons. 

The automatic features of the Sle”^^’'a 

per feed shoe, the spout withdrawing * „oId- 

molding matena . Jh® ‘ah , th, fi„t under the hopper 

position after ® ® ^ ^ easily and rapidly. By drop- 

for the various preforms a ^.^ceives the material, thicker 

ping down the compressions from the upper 

agirtinns can be preformed, feiow cu ^ 
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and lower punches by suitable cams in the preforming machine 

is deemed an advantage in obtaining a preform of more uniform 
density. 

Slow compressions of the rotary press avoid the rapid stroke 
of the single punch press and the sometimes unsatisfactory mold 
preforms which readily crumble or de-laminate when proper op¬ 
erating conditions are not observed. The application of pressures 





P/flf. 90 — Double-sided rotary press 
to preform pieces up to ll<Si-inches 
diameter (Stokes Machine Co,) 


at a more gradual rate has been well suited to preforming urea 
compounds. Release of compression pressure is followed by the 
upward movement of the lower punch to eject the preform. The 
mold cavity is cleaned out by blowing and made ready for the next 

enil. Some machines are equipped with automatic devices to re¬ 
lease pressure in the event of jamming. 

Uninterrupted operation of preform presses usually is de¬ 
manded in molding establishments working at top speed. Delays 

y jammng are apt to be costly, and when the molders sometimes 

on ratio of the molding compositions may cause jamming. These 

anges may occur particularly when the vibration of the ma- 
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chine causes the finer and more dense particles to segregate from 
the more porous pieces in the feed hoper. Portions of previous 

tablets left behind also may cause jamming. , j. 4 . 

Rotary presses sometimes are operated with several distinct 

pairs of dies and punches to give preforms of different shapes. 



97—Preforming press for 
pieces up 2!^*inches 

diameter, driven by variable- 
speed motor (Stokes Ma¬ 
chine CoJ 


Requirements of several jobs may be fulfilled m ’ 

though individual preforms may have to be separated • 

oL'Z”byThr£U'\°ho" 

llinr of p" - r^e £a Aat £be 

cavity nearer op- 

erations. Dies must be scrap^ clean by PU^^s. w 

Signing the preform die there "fpetair. Approxi- 

the top punch to permit the escape o ' ground the 

mately 0.006-inch per inch clearance is the allowance 

punch. 
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Preheating 


Proper, controlled preheating of molding compounds before 

placing the material within the mold has become one of the most 

useful adjuncts to the molding operation. Preheating methods 

have experienced a remarkable evolution during the past ten years, 

commencing with the hit or miss technique of placing preforms 

on hot steam plates, to temperature-controlled ovens and, finally, 

high-frequency preheating and high-humidity preheating. The 

latter techniques, developed shortly after the start of the Second 

World War, have, in the opinion of many molders, revolutionized 
compression and transfer molding practices. 



fore placing them in the mold many advantages accrue. There 

are limitations, however, of time and temperature. The higher 

the temperature to which they are raised, the more rapidly they 

must be molded, otherwise they may set-up prematurely and flow 

will not occur. The methods of preheating molding materials are 
described herewith: 

Controlled Oven Temperature: Before the advent of high- 
frequency preheating, the standard method of preheating mold¬ 
ing compounds was through the use of a temperature-controlled 
oven. A full thirty minutes usually was necessary before the pre¬ 
form would become thoroughly preheated, and the molder usually 
placed a large number of preforms in the oven to accommodate 
the more frequent molding cycles. For loose powder which did 
not readily preheat, special containers with hot oil-circulation 
jacket, or means of rotating them in an oven were devised. In 
this manner, phenolics usually were preheated to molding tem¬ 
peratures around 200 F and ureas were preheated to temperatures 
of about 170 F. At these temperatures, the materials could be 
left for long periods without premature setting-up. An appreci¬ 
able reduction of the time of cure was achieved through this pre¬ 
heating, as well as some reduction of mold closing pressures and 
time. 

t^e^oplastics by this method is still widely 



over trays in an oven with air 
a few hours, or else exposed to 


1C 
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infra-red lamps. The moisture is substantially removed by this 
process and clarity of the final product, as well as miniimzmg of 

flow marks are assured. 

High-Frequency Preheating; High-frequency preheating 
equipments are standard accessories in most molding plants A 
twical unit tor this purpose is shown in Fig. 92. Most of the 



Fig. 92 —Unit 


L 1 . Ifni# a# left is a plastics molding 
at right is high-frequency preheater. U 

press in closed position 


machines are rated at 1.0-kw output and h^hen Thej^^«pla 

of high-frequency ® molding compound. 

the power fac or a treater will be their tendency to 

The higher to an electrostatic field 

Th^h™f~y. Thi^hralng eLct may he explained as a 
Lult of “■"olecular friction” caus^ the" maUal. 

rr-higt 

mass, loss factor, voltage, and the frequency. 


t 
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frequency preheating of molding compounds is conducted in the 
vicinity of 30 megacycles. 

In the chapter dealing with the electrical properties of plas¬ 
tics the rate of heating woodflour-filled phenolics was demonstrated 
from some laboratory measurements. The factor which every 
molder considers is the quantity of material which may be pre¬ 
heated within a period of about one minute or at some time less 
than the molding cycle. The big advantage of high-frequency pre¬ 
heating is that the thermosetting material may be brought up to 
temperature within the same period of time required for a cycle 
of conventional compression or transfer molding. While molding 
temperatures may be attained in the preform, this is never done in 
practice because most thermosetting compositions would precure 
or set-up prematurely before placing them in the mold. The pre¬ 
forms generally are preheated to temperatures of 220 to 240 F 
and then placed immediately into the compression or transfer 
mold. Among the advantages immediately apparent are: 


±. i^tDucED MOLDING PRESSURE AND MoLD CLOSING TIME * Be¬ 
cause the preheated material may be more quickly plasticized 

by the hot molding surfaces, mold closing time generally is re¬ 
duced to a small fraction of the time required without preheating. 
This advantage becomes more apparent when a large quantity of 
material is involved, and where a molded piece covering a large 
area is to be reproduced. Lower molding pressures (40 to 50 per 

cent of conventional) are required to cause the material to flow 
properly. 

advanta«'’”r“h *^f “ claimed that the prime 

advantoge of high-frequency preheating is reduced cure time. 

.w g--eatcst savings be¬ 

ing manifested with thick molded articles. When transfer or com 

pression molding thick sections, it has always been a problem 

I'kT^t High-frequeney preheating 

makes tlra posrtble. Meharg reported on a series of tests demon- 

rtratmg the efficacy of high-frequency preheating (Meharg Mod 
^ Kosfica, 20, 88, March, 1943). One of his cu“esTren^: 

(th reduced curing time for eurve C 


Articles 


The fact that 
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high-frequency preheating insures proper cure of thick molded 
articles leads one to expect improved physical, electrica, an 
chemical properties. This is borne out through examination of a 
thick molded article produced with high-frequency preheating 
one produced without this preheating. Father, the amount o 
shrinkage experienced by the molded part is definitely e . 


o 2 



^ I I I I I I i I I 

Thickness Versus Curing Time 

Woodflour and fabric-filled^ 
phenolic molding moteriols 

I 1 _^ __ - 


A-stondord molded 
no preheot 

B - s*ond ord molded 
preforms oven 
preheoted 30 
min. at 105® C. 


molded 


02 0.4 0.6 0.8 1.0 12 1.4 

Qnorimen Thickness (Inches) 


fig. 93—OpHmum fimes 
for mo/ding specimens of 
different thicknesses 




High-Frequency Preheating of “^ae'not 

quency preheating of the P heating is slower, 

found much application at Except for high- 

aue to the low P-- “ oT—tie sheet stock, 

frequency cementing or heat seaii g raxtensively. How- 

this method of preheating has not and vulcaniz- 

ever, considerable advantages accrue Greater adapta- 

Lg rubber stocks by high-frequency methods. Greater 
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tion of the technique will be found in this field. 

Miscellaneous Accessories: ISvery custom molder is equipped 
with miscellaneous accessories to facilitate handling of the molding 
compositions and their introduction into the mold. Special charg¬ 
ing frames containing individual hoppers for each mold cavity 
permit rapid loading of the molds. Special racks may be designed 
to remove parts from multiple-cavity molds and air hose to blow 
out dirt and impurities from the mold cavities before introducing 
new material. Suitable fixtures and accessories frequently must 
be designed for each job to expedite handling and molding opera¬ 
tions. These would include shrink fixtures and sizing studs upon 
which hot molded parts are placed while they cool down to room 
temperature, for the purpose of maintaining accurate dimensions. 
By proper attention to materials preparations, real economies and 
high-quality products are obtained. 

High-Humidity Preheating: The most recent method of pre¬ 
heating thermosetting molding compounds for transfer molding 
employs live steam at elevated temperatures. A steam jet is ad¬ 
mitted into an enclosed chamber in which the air is kept moving. 
Preforms of molding compound are placed upon trays and slowly 
brought up to temperature. The presence of the steam laden at¬ 
mosphere prevents pre-polymerization, which would occur in a dry 
oven at the same temperature. Materials thus may be brought 
close to molding temperature, and are rapidly placed in the trans- 
er pot for molding. Reduced molding cycles comparable to high- 

frequency preheating are realized without the costly investment 
in nigh-frequency equipment. 


Of course the live steam preheating technique will not pre¬ 
eat the molding material as rapidly as high frequency, though 
by preparing enough preforms in advance, their preheating may 
be adjusted to the timing of the molding cycle. While at Irst it 

t suspected that physical properties of the molded parts 
would be adversely affected, tests show otherwise, and the tech¬ 
nique has been adopted by quite a few molders. Among other ad¬ 
vantages of hve-steam preheating is the introduction of more mois- 
ture into the moldmg composition. The improved fiowabiUty is 
an asset, inasmuch as the fiow is a function of moisture content 
However, electncal properties will suffer to some extent 

After Baking: For the greatest dimensional stabililv nf 
mo ed phenolic or melamine parts, an after-baking cycle will prove 


plastics in engineering 

expedient. Upon removal trom the mold the pa^m - 
an auxiliary oven at a tempera ure o ^^^e without 

Parts continue to ahnnk, due to ght 

the restraining pressure of the mold. Howeve 

te What would have oooun.d ma^-ths m se^^.J- 

mLSonrmorrarcurately. Precision moided parts for instruments 
and machines are conditioned in this manner. 


' B 
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Chapter XII 

Compression and Transfer Molding of Plastics 

Manufacturers find use for molded plastics in the design of 
their machines or products, either as a small component fulfilling 
electrical, mechanical, or chemical requirements in a large assem¬ 
bly, or as a major component where style and appearance are 
fully as important as the functional details. It is from these manu¬ 
facturers that designs in applied plastics originate, and much cred¬ 
it for the advance of the plastics industry must be attributed to 
their efforts. 

When a design in molded plastics once has been chosen and 
the consumers' requirements as to shape, color, nature of applica¬ 
tion and cost are understood, the method of molding and the type 
of material to use are given some study. Inasmuch as the nature 
of the material and the method of molding have a direct influence 
on design details, close cooperation between the manufacturer and 
custom molder is desirable. Changes in the design may appear 
necessary when the technique of molding the part has been estab¬ 
lished. These conditions are readily apparent to the engineer who 
is thoroughly familiar with the properties and preparation of mold¬ 
ing materials, methods of molding, construction of molds and the 
design principles of hot-molded plastics. 

Some idea of the magnitude of compression, transfer, and 
injection molding may be obtained from the fact that there are 
close to 900 compression molders in the United States and 550 
injection molders. These converters of plastics are occupied in 
shaping many millions of pounds of molding material each month 
into industrial goods. Earlier analyses of the industry show: 


Total compression molding machines 

Compression molding establishments. 

Total injection molding machines.' ^ 

Injection molding establishments 


1941 

8,000 

400 

1,000 

200 


1944 

11,500 

800 

1,500 

320 


In selecting the molding material the custom molder will be 
governed by two important influences: 
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1. Attainment of properties requested by the 

2. Utilization of molding materials In an economieal moldmg cycle. 


Design engineers, as well as molders, do not hat e 

coSons are unusual. For the most part, compression-molded 
phenolics, melamines, ureas, injection-molded nelluiMe 
Lllulose acetate-butyrate, ethyl cellulose, -ryhcs. a^d ^polyaty_ 

rene fulfill the large proportion of the deman^ transparent mold- 

pose, for example, requests are m degrees Fahr. without 

ing material that will withstand at least eellu- 

os"rs. vinyl resins, acrylic resms, or po^tyrene t^es^ The 

engineer unfamiliar with elu^^ which are 

selection. Transparent, ig . . solution. Newly devel- 

thermosetting offer some possi ^ \^ and others listed 

Molding characteristics of a D^TonsTdeTa- 

better by the molder than the jg necessary. 

tion to preheating, resin content, fillers, lubri- 

Modifications in molding m rv in a standard for new mold- 

cants, catalysts, etc., may be necceusa outlined in an earlier 

ing conditions. „ay require a material with 

chapter. Some reproduce the difficult features 

%The dX wh^ lers may require a short period to de- 

: er "ding cycle. A certain “nt^ rXeaS- 

ists in preheating the materials, molding pressures, 

ing the mold. material selection is the 

Equally important as the ma^ g processes are bet- 

designation of the method o ^ others, but in general the 

ter adapted to specific between compression, m- 

choice of hot molding methods and transfer 

jection, and I^Xr in certain respects. 

molding resemble on ^ ^.^oided phenol-formaldehyde prod- 

The great majority of transfer methods, while in- 

ucts are molded by ttXpiastic com- 
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ari?€ as to the most satisfactory method of molding. Frequently, 
two custom molders may disagree over the most economical and 
satisfactory method of molding a particular part. Both molders 
may be right* insofar as the most economical method will depend 
upon the type of molding equipment, fixtures and accessories with 
which they are prepared to do the job. One may be equipped 
Mith modem compression molding equipment, and the other with 
the most modern injection molding machines. Either molder 
probably could do an acceptable job. Notwithstanding, proper 

molding equipment is only a partial solution, while good molds 
are the keys to succeacful production. 

Compression and transfer molding methods are intimately re¬ 
lated to one another. The}* both have been designed for efficient 
molding of thermosetting compounds, and they both employ com¬ 
pression molding presses. Differences lie in the mold design and 
the tj'pe of work for which they are suited. In compression 
molding the material is molded under heat and pressure in the 
mold cavity which impresses the design details upon the molded 
r»arts. Resin impregnated papers and pulp preforms are handled 
solely by compression molds. On the other hand, in transfer mold¬ 
ing the material is brought under heat and pressure in a sep¬ 
arate transfer pot. from which the material flows to one or more 
mold cavities. To assist rapid and efficient transfer molding, the 
compression pressun\s are from two to three times greater than 
for compression molding. Once the material fills out the mold 
cavity to completion, the cure cycle m substantially the same until 
the parts are ready to be ejected. However, in plunger molding, 
which IS a special phase of transfer molding, the material ac¬ 
quires additional heat flowing through the runners, and cure is 
shortened. 

Compression and transfer molding of thermoplastics also may 
be practiced, though much less efficiently than for thermosetting 
compounds. The materials must not only be heated to the mold¬ 
ing temperature, but also cooled down to quite a low limit before 
Uuy can be safely ejected. The overall cycle time generairis 
Fe%eral times that of a thermosetting compound, unless the com¬ 
pression molds have been designed uith efficient cooling moans 
Aside from the producUon of special transparent varieties not 
^Nailable m thermosetting compounds, compression molding of 
thermopla..tics is not wdely pracUced. Injection and extrusion 
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1, - - V-- 


Fig. 94--largQ ffof 


inserts-transfer.motded electrical switch member 


„„.cun. on tho other hand, are 

■ The Ijority of compression molders - ^TspIcLl nomral 
fer molding, though ^he of phenolic ' and me- 

^ the best technique 


•» ^ 



pjg 95 — Transfer-mo Wed 

plastic core for spark pWg 


for molding articles with side and ““'t^^VmTd frol^^e^t^- 
spaced inserts. As the matena en ^ when the 

fer pot. it follows the path of on all 

mold is filled, the effects o P . result that little or 

molding surfaces and inserts conventional com- 

no distortion occurs. On the ot crushed in the 

pression molding, as the powder and preforms 
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mold cavity under the molding pressure, inserts may be broken or 
dislocated. Typical transfer molded articles are shown in Figs. 
94 and 9o, while a typical molded article produced by compres¬ 
sion molding is illustrated in Fig. 96. The more intricate, com¬ 
plicated molded parts and inserts are the role of transfer mold¬ 
ing, while small simple shapes and very large molded parts are 
the function of compression molding. At present, only fully au¬ 
tomatic molding has been developed for compression molding, due 

to the simpler mold design, and the ease of removing excess ma¬ 
terial. 

Material requirements for transfer molding differ to some 
extent from those for ordinary compression molding. Generally, a 
longer time duration of flow is required, largely to accommodate 
the time required to transfer the material from the pot to the 
cavities. In conjunction with high-frequency preheating of the 
preforms, however, transfer molding is speeded up and a good 
production cycle may be established. Phenol-furfural molding 
compounds and long-flow phenol-formaldehyde types with wood- 
flour fliler and fabric filler, are now available for transfer mold- 



fig. 96~Typtcal compression molded article 
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ing. As the transfer mold is tightly clamped before the ma¬ 
terial enters, flash lines are held to a minimum and the amount of 
cleaning depends upon the amount of the mold wear over many 
cycles. In summing up the advantages and disadvantages of com¬ 
pression and transfer molding the following facts may be noted: 

COMPRESSIO^^IOLDING IS ADAPTED TO: 

1. Rapid production of small simple shapes to large pieces covering 
many square inches of area 

2. Fully automatic compression molding in special automatic 


II ■ ^ ^ 

3. The molding of resin-impregnated pulp preforms and resin 

preguated papers. 

Transfer molding is Adapted To: 

1. Molding of complicated pieces with side and oblique cores 

I iris0rts 

2. Reproduction of parts with a minimum amount of flash. 


im- 


and 




fig. 97— 




molding 
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Stages of Compression Molding 


In the following paragraphs the stages of compression mold¬ 
ing are examined in some detail. As the material is put under 


combined heat and pressure, it acquires the properties of a highly 
viocous fluid, filling out the details of the mold cavities. At the 


Table LI 


Compression Molding Pz'operties* 


Material 

Phenol-aldehydic (woodflour) . 

Phenol-aldehydic (shredded fabric/ 

Phenol-aldehydic (asbestos filler) . 

Melamine formaldehyde . 

Urea-formaldehyde (alpha-cellulose) 

Cellulose acetate . _ 

Cellulose acetate butyrate . 

Shellac... * ] 

Ethyl cellulose .. 

Methyl methacrylate . !!!!!.! 

Polystyrene . *...*.* 

Polyvinyl chloride-acetate . 


--^Moldinir 

Temperatures 
(degree.s F) 

280-360 

270-340 

270-350 

2S0-360 

290-325 

2S0-34O 

270-340 

230-250 

320-360 

300-350 

280-350 

240-275 


Pressures 

Bulk 

(psi) 

Factor 

1500-4000 

2.2-4.0 

2500-8000 

8.0-12.0 

1600-6000 

3.0-5.0 

1000-6000 

2.5-3.0 

1500-6000 

2.5-3.0 

500-5000 

2.0-3.0 

500-5000 

2.0-3.0 

1000-1200 

2.0-3,0 

1000-5000 

2.2-2.5 

2000-6000 

2.0-3.0 

1000-3000 

2.5-3.0 

1500-2500 

2.0-2.5 


Data from bulletins of various" materials manufacturers. 


same time, the thermosetting compounds polymerize, undergoing 
physical and chemical changes to form an infusible, insoluble, 
structure, which can be ejected from the mold when hot and fully 
cured. Attention is invited to Table LI, listing the compression 
molding temperatures and pressures of different materials. 

The stages of transfer molding are about identical with those 
of compression molding, except that the material is loaded in a 
separate transfer pot, as in Fig. 97. Pressure applied to the ma¬ 
terial then flows out to the mold, though the problems of flow 
breathing and curing are kindred. ’ 


1. Charging The Mold: Preforms, tablets nellets nnic 
or any combination of these are introduced into the mo^d cavity bv 
e operator, usually from loading fixtures for multiple-cavity molds 
The predetermined, correct number of pellets or a weighed chare-e nV 
powder are placed in the mold or transfer pot and distributed m ^ 
ner which tests have shown to be best suited to thf» a rrian- 

within the cavity. 1, inaerta are to be ZZ introlacT thevT" 
positioned carefully on their locating studs or into the oroner r.c 
in the mold cavity. The time for charging the mold m/v k «teMes 
especially If there are a large numbed of 1 ^ 0 ^ to n 
split cavities to be adjusted. For high-production work «onff’ 
sometimes can be realized by duplication of molds, whereby one S‘fs 




















318 


PLASTICS IN ENGINEERING 


undergoing cure while the other is being unloaded and charged by 

the operator. . 

2. CLOSING THE MOLD : After the molds have been ® 

let valve to the hydraulic system should be opened slowly and the 
molds carefully closed. The mold halves should not come togethe 

rapidly for high-presaure gradlenU built up “"longer 

would break insert holding pins and coring pms. Besides, ^ 

period will permit the escape of accumulated gases m the molds ^ 

^ 11 oo HHne- the material up to correct molding temperature. 

-r “ n rn 

rber;^‘ol - Cluing t^e, w--- 1 : = 

b^reactite that ttelr' flowing qualities will be lost If this pe- 

pressures (200 to 500 pou^d^^^p application of 

the ram for c ^ 12000 to 3000 pounds per square inch) to develop 
the high pressure line <2000 t^SOOO po^^^ ^P^ high-fre- 

full in J^ansfer molding, the molds are fully closed 

SrT the material is introduced, flowing from the transfer pot throug 
sprue, runners, gate, and then mold cavities. 

" 3. Bkeaxhxng ok gassing: A Ift?r 

molding compositions ® ® ^he escape of such gases as air, 

the molds have been clos . P im- 

steam, or anoearLce of the finished article. Porosity 

times 15 to 20 For certain 

and often more „foids are not closed fully but allowed 

“soft” phenolic distance of less than an inch, until the ma- 

to remain open or ^^id properly. So important is the feature 

terial is stiff enoug _ o _ g^gntly developed equipments for fully- 

"u—" cfntp "s^n molding make provisions for a breathing pe- 
automaUc _ P thermosetting resins. 

riod m their eye period, the desirable mechanical 

4. cubing : the the^^^ 

and electrical properties „ t require a curing period, 

oped. Thermoplauuo comp^on^ do ^J 

though as soon as anywhere from one-half to several 

minutes, this phase of the .. ^ J^t period of time. Thickness of 

desirable properties wi mature of the composition employed play 

piece, <^®*"P®’^^'^^7-n^etermining the time of the curing cycle. Tabulated 

somVot the disadvantage, of undercure and overeure. 





